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Abstract

Three-phase dual-active-bridge (3p-DAB) converter is an attractive choice for

bidirectional power conversion in high-power applications, however, conduction

loss caused by circulating current and shrinkage of soft-switching region under

varying input-to-output voltage ratios and different load conditions are the main

bottlenecks that severely affect its efficiency performance. To address these issues,

three different immittance based topologies and modulation schemes have been

proposed in this work for the 3p-DAB converter. The proposed topologies and

modulation schemes are targeted to minimize the switching loss and conduction

loss simultaneously over the entire operating range to achieve wide-range high-

efficiency performance. Based on this backdrop, the thesis has been classified in

six chapters. A brief description of each chapter is presented below:

Chapter 1 discusses about the background, importance, some emerging ap-

plications and functional overview of isolated bidirectional dc-dc converters (IB-

DCs). Through detailed discussions, 3p-DAB converter is identified as a preferred

IBDC topology for high-power applications and its limitations are presented.

Moreover, the main objectives of the thesis are presented in this chapter that

includes overcoming the limitations of conventional 3p-DAB converter to achieve

wide-range high efficiency performance under varying input-to-output voltage ra-

tios. Finally, an outline of the thesis concludes chapter 1.

Chapter 2 gives an overview of the conventional 3p-DAB converter from

the topology and control perspective. A comprehensive literature review is also
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presented in this chapter to update the readers about the work done on the

3p-DAB converter to improve its efficiency performance. Moreover, the research

gaps in the existing literature are also highlighted in this chapter that the current

research work has attempted to bridge.

Chapter 3 proposes a 3p-DAB resonant immittance (3p-DAB-RI) converter

that can achieve unity-power-factor operation at all of its ac ports leading to

reduced RMS port current, lower conduction loss and complete elimination of

reactive power. Moreover, it can also achieve full-range zero-voltage-switching

(ZVS) irrespective of variations in input-to-output voltage ratios to diminish the

switching loss. However, for unity-power-factor operation, 33 % of the switches

are hard-switched leading to increased switching loss whereas for full-range ZVS

operation, 3p-DAB-RI converter suffers from high conduction loss due to in-

creased circulating current. Moreover, as the duty cycle modulation is employed

to modulate output power for both modes, 3p-DAB-RI converter suffers from high

circulating current under light-load conditions (when the duty cycle of voltage

waveforms is small) leading to poor-light load efficiency.

Chapter 4 proposes a 3p-DAB reconfigurable resonant (3p-DAB-RR) con-

verter to overcome the limitations of 3p-DAB-RI converter proposed in chapter

3. The 3p-DAB-RR converter proposed in this chapter can transform between

3p-DAB-RI converter and a 3p-DAB series resonant (3p-DAB-SR) converter to

offer additional degree-of-freedom in shaping the efficiency performance of 3p-

DAB converter and enhance its light-load efficiency. The 3p-DAB-RR converter

offers the flexibility to operate with unity power factor, full-range ZVS and en-

hanced light-load efficiency under varying operating conditions by appropriate

selection of the converters operation mode. Based on a careful loss analysis and

verification of the loss model by experimental measurements, it has been pro-

posed to operate the converter as 3p-DAB-SR converter with single phase-shift

(SPS) modulation for low-medium power levels and operate as 3p-DAB-RI con-



verter with unity-power-factor operation for medium-high power levels to achieve

overall wide-range high-efficiency performance. However, the drawbacks of hard-

switching of 33 % switches in the unity-power-factor operation of 3p-DAB-RI

converter and high circulating current, hard-switching of switches in 3p-DAB-

SR converter under wide-range variations in input-to-output voltage ratios still

remain unsolved.

Chapter 5 proposes a 3p-DAB reconfigurable and tunable resonant (3p-DAB-

RTR) converter to achieve wide-range zero circulating current and full-range ZVS

operation irrespective of wide-range variations in input-to-output voltage ratios.

For low-medium power levels, the converter operates as a tunable 3p-DAB-SR

converter with impedance modulation method. Under this mode of operation,

the output power is controlled by modulating the impedance of series LC res-

onant network with the aid of SCC while keeping the switching frequency and

phase-shift constant. For medium-high power levels, the converter operates as

a tunable 3p-DAB-RI converter with dynamic frequency matching (DFM) mod-

ulation. Under this mode of operation, the output power is controlled by syn-

chronously varying the resonance frequency of the immittance network with the

switching frequency by using switch-controlled capacitor (SCC). The combination

of both operation modes jointly leads to wide-range zero circulating current and

full-range ZVS operation for all the switches simultaneously yielding wide-range

high-efficiency performance.

Chapter 6 concludes the thesis and highlights the contributions of the work.

Moreover, suggested applications and power levels for the proposed topologies and

potential future research directions are also presented in this chapter. Finally,

a comprehensive comparison of the proposed topologies are presented in this

chapter to conclude the thesis.
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Chapter 1

Introduction

1.1 Background: The Rising Demand for IB-

DCs

Scarcity of fossil fuels, deteriorating environmental conditions, strict legisla-

tions promulgated by the governments, and growing demands for low emission

economies are at the cornerstone of paradigm shift in the conventional means

of energy harnessing, conversion, and utilization (cf. Fig.1.1). For the transi-

tion in energy harnessing methods, there has been accelerated efforts to exploit

and increase reliance on renewable energy sources in place of conventional energy

resources to maintain the continuous supply of affordable clean energy, ensure

the energy security, and limit the carbon footprint. Due to these concentrated

efforts, renewable energy resources are anticipated to meet 23 % of the global en-

ergy demands by 2040 [1]. Power electronics converters serves as the key enabling

technology for interfacing of renewable energy systems with existing conventional

energy systems. Similarly, the progression in energy conversion methods see

increasing reliance on power electronics based electrical systems instead of the

pneumatic, thermal and mechanical systems to have better power conversion ef-
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1. Introduction

Figure 1.1: Factors responsible for paradigm shift in conventional means of
energy harnessing, conversion, and utilization.

ficiencies in various energy conversion processes and stages. For example, the

power electronics converters and induction machines driven power trains in elec-

tric vehicles have much higher power conversion efficiencies (i.e., > 90 %) than the

internal combustion engine vehicles (ICEVs) (i.e., >45 %). Likewise, the tran-

sition in energy utilization domain sees adoption of energy efficient technologies

to promote energy conservation leading to reduced energy demand on the power

grid and lower carbon emissions. Some examples which showcase the importance

of power electronics converters in energy conservation are listed below:

1. Motor drives are responsible for energy consumption of upto 60 % in the

developed world. Employing motor drives controlled with power electronics

converters can result in energy savings of 20-30 % [2].

2. In home appliances, utilizing inverters based variable frequency drives in

compressors of refrigerators, freezers and air-conditioning systems can po-

tentially save upto 20 % energy [2].

3. For lighting applications, power electronics converters can increase the ef-
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ficiency of fluorescent lamps and ballasts by 20 %. Moreover, employing

power electronics for dimming in conjunction with occupancy and light

sensors can save an additional 30 % energy [3].

The policy shift for enhancing reliance on renewable energy resources, promote

energy efficient technologies and limit the carbon emissions have particularly

led to the revolution in power sector and transportation sector over the past

several decades. With the wide-spread penetration of renewable energy based

distributed and decentralized power generation units in power grid, it becomes

indispensable to utilize energy storage systems (ESSs) such as battery banks,

ultra-capacitors etc. to deal with their intermittent and dynamic nature. The

integration of ESSs with high-voltage dc bus for charging/discharging purposes is

realized through power electronic converters. Similarly, the transportation sector

including on-road, marine and aviation sub-sectors have seen greater levels of

electrification through the course of last half century to curb the carbon emissions

[4]. Moreover, going more electric in the transportation systems gives users better

travel experience, smooth and silent operation, better dynamic response, reduced

environmental impact, and better energy conversion efficiencies. Transportation

electrification relies heavily on energy-efficient power electronic converters and

high energy density ESSs.

For the aforementioned applications, the key enabling technology that have

made this paradigm-shift possible are the isolated bidirectional dc-dc converters

(IBDCs) that allow the control and processing of bidirectional power flow re-

quired for the charging/ discharging of ESSs through a single-stage solution. As

compared to the non-isolated type bidirectional dc-dc converters (BDCs), IBDCs

enjoy the following advantages:

1. The high-frequency transformer used in IBDCs provide galvanic isolation

between high-voltage and low-voltage sides to meet the safety requirements.

3



1. Introduction

2. The transformers turns ratio can be utilized to minimize the voltage and

current stresses when a large step-up or step-down conversion ratio is re-

quired.

3. Multi-winding transformers can be used in IBDCs as well to obtain multiple

output voltages with multiple converter secondary circuit (i.e., Multi-port

converters).

The extreme importance of IBDCs in different energy conversion applications and

the benefits accrued out of them accounts for their rising demand over the last

couple of decades.

1.2 Emerging Applications of IBDCs

IBDCs find their utilization in different emerging energy conversion applica-

tions and systems such as microgrids [5–8], electric vehicles (EVs) [9–12], en-

ergy storage systems [13–15], solid-state transformers [16–19], and vehicle-to-grid

(V2G) operation [20–22] as illustrated in Fig. 1.2. A brief description of some of

these applications is presented in the following sub-sections.

1.2.1 Microgrids

The power system architecture of a typical microgrid is depicted in Fig. 1.3.

A microgrid comprises of various distributed energy resources linked to a high-

voltage dc-bus and the ESSs connected to a low-voltage dc-bus. Depending upon

the configuration, a microgrid can operate in standalone mode where the localized

energy demands are met by the distributed generation units and ESSs or a grid-

connected mode where it can exchange power with the ac utility grid as well.

IBDCs form a core part of microgrids as they enable the control of power between

the high-voltage and low-voltage dc busses.

4
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Figure 1.2: Application of IBDCs in different emerging energy conversion sys-
tems.

Figure 1.3: Power system architecture of microgrids.
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1.2.2 EVs, HEVs, and FCEVs

The electric vehicles (EVs), hybrid electric vehicles (HEVs), and fuel cell

electric vehicles (FCEVs) share a similiar power system architecture (cf. Fig. 1.4)

where the high-voltage battery packs, super-capacitors or fuel cell stacks are

connected to a high-voltage dc-bus ranging from 250-400 V and a low-voltage

battery (i.e., 12 V or 24 V) connected to a low-voltage dc-bus. The high-voltage

dc-bus provides propulsion power to the induction motors and meet the power

requirements of high power loads such as air conditioning system, power steering

etc. whereas the low voltage dc-bus provides power to low power loads such as

instrumentation sub-systems and lighting etc. For the exchange of power between

high-voltage and low-voltage dc-buses, IBDCs play a crucial role.

Figure 1.4: Power system architecture of EVs, HEVs and FCEVs.
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1.2.3 Uninterruptible Power Supplies

A UPS offers reliable and uninterrupted electric power to critical loads. A

typical on-line UPS (cf. Fig. 1.5) comprises of a rectifier connected to the ac-

mains, a battery connected to a high-voltage dc-bus, and an inverter. During

normal working of the ac-mains, the battery gets charged through the rectifier

and the inverter gets bypassed by the triac. In the event of mains failure, the load

gets power through the battery and the inverter. For a UPS system, depending

upon the required output power, different batteries may be used. For low power

applications where a low voltage battery is used (e.g. nominal voltage of 12 V,

24 V, 36 V, or 48 V), IBDCs are generally employed due to the large ratio of the

dc bus voltages (e.g. 400 V : 12 V).

Figure 1.5: Power system architecture of an on-line UPS.

1.2.4 Fast EV Chargers

The battery packs in EVs can be charged using fast or slow charging [23–25].

The various charging options developed for EVs are shown in table 1.1 [26]. For

slow charging of battery packs, the converter that manages the power flow control

is placed inside the vehicle and is called an EV on-board charger (OBC). The

7
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Table 1.1: Charging options for an electric vehicle.

Level Voltage and Current Usage Power (kW) Time to charge

Level 1 110V, 15A Home 1.4 18 hours

Level 2 230V, 15A Home 3.5 8 hours

Level 2 230V, 30A Home/Public 6.9 4 hours

Level 3 480V, 167A Public/Private 50-80 20-50 min

Figure 1.6: Block diagram representation of fast EV chargers.

OBCs normally takes 6-8 hours to replenish the battery packs from the utility

grid. On the contrary, for fast charging of EV battery packs, the converters are

normally placed outside the vehicle as they have to deal with higher values of

currents and are called EV off-board chargers. The off-board EV chargers takes

upto 20 minutes to charge depleted battery packs using the dc voltage [23]. Some

off-board EV chargers are equipped with vehicle-to-grid (V2G) option as well,

where, the vehicular battery packs can feed energy to the utility grid. Such fast

EV-chargers comprises of the input EMI filters to comply with the grid codes,

a front-end ac-dc power factor correction (PFC) rectifier and the IBDCs (cf.

Fig. 1.6). Thus, the IBDCs constitute the core circuit of fast EV chargers that

enable the exchange of power between battery packs and the utility grid.
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1.2.5 Solid-State Transformers (SSTs)

A solid-state transformer (SST) also known as an electronic transformer is es-

sentially a power electronics converter which converts ac power from one voltage

level to another. SSTs have considerably less weight and volume as compared

to the traditional power transformers. The block diagram representation of a

medium-voltage (MV) to low-voltage (LV) SST is shown in Fig. 1.7 where it can

be seen that the SST comprises of three stages; the 50/60 Hz MV ac signal is

transformed into the MV dc voltage in the first stage, IBDCs constituting the

second stage provide the galvanic isolation and converts the MV dc to LV dc, fi-

nally this LV dc is transformed to the LV 50/60-Hz ac signal in the third stage. In

addition to the galvanic isolation and voltage transformation, SSTs can provide

some other beneficial functionalities which cannot be obtained from the tradi-

tional power transformers. For example, the voltage and current regulation can

be performed by using SSTs. In addition to that voltage sag/swell compensation,

power flow control and fault current limitations can be easily performed by SSTs

which the conventional power transformers are unable to perform. Moreover,

SSTs can provide dc voltage at one of its ports which can be connected to the dc

microgrids. The IBDCs form the essential building block of SSTs which allows

the exchange of power between MV and LV ac-grids and offers an additional port

for connection to the dc mircogrids [27].

Figure 1.7: Block diagram representation of SSTs.
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1.3 Functional Overview of IBDCs

The functional block diagram representing a non-resonant type IBDC is shown

in Fig. 1.8 (a). Typically, an IBDC comprises of a low pass filter to smooth the in-

put current and provide a stable dc-bus voltage, a switch network which performs

the dc-to-ac conversion, a high-frequency (HF) isolation transformer followed by

a switch network to perform the ac-to-dc conversion and an output low pass fil-

ter. The power flow from port 1 to port 2 or vice-versa can be controlled by

appropriate switching of the switches in switch network. Another variant of IB-

DCs is a resonant-type IBDC where the HF ac-link comprises of a resonant tank

instead of an inductive link Fig. 1.8 (b). Instead of piece-wise linear currents, the

resonant-type IBDCs have sinuosoidal currents in the HF ac-link leading to lower

RMS currents, reduced conduction loss and minimum electromagnetic interfer-

Figure 1.8: Functional block diagram representation of (a) Non-resonant type
IBDCs; (b) Resonant-type IBDCs.
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ence. Moreover, with resonant-type IBDCs the soft-switching operation can be

realized easily allowing operating the converters at higher switching frequencies

with improved efficiency and compact-design.

1.4 3p-DAB Converter as a Popular IBDC Choice

for High-Power Applications and its Limita-

tions

Among all the investigated IBDC variant topologies, three-phase dual-active

bridge (3p-DAB) converter has been a popular choice for high-power applications

because of its superiority over other topologies in terms of greater power transfer

capability with lower root-mean-square (RMS) transformer current, smaller size

of filter capacitors, lower current ripple, lower component stress, capability of

buck/boost operation, higher power density, modularity, inherent soft-switching

operation and galvanic isolation [28–35].

The conventional 3p-DAB converter comprises of two three-phase half bridges

interfaced by a three-phase high-frequency isolation transformer. The simplest

modulation scheme for 3p-DAB converter is the single phase-shift (SPS) modula-

tion where phase-shifted high-frequency ac-voltages are applied across the trans-

formers leakage inductances for power flow control. The power flows from the

leading to lagging ac-voltage with the phase-shift being used as a control variable

to control the output power. However, employing SPS modulation to control out-

put power of 3p-DAB converter results in enhanced reactive power loss (due to

out-of-phase relationship between port currents and port voltages) and high cir-

culating current. Moreover, when the input-to-output voltage ratio deviates from

unity due to variation in input/output voltages, the 3p-DAB converter is unable

to achieve zero-voltage-switching (ZVS) for all the switches over the whole power

11
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range. Thus, the increased conduction loss caused by the high circulating current

and switching loss caused by hard-switching are the main loss mechanisms that

affects the efficiency performance of 3p-DAB converter.

To enhance the power conversion efficiency of 3p-DAB converter, several ad-

vanced modulation schemes [36–45] and the structural variants [46–55] of the

3p-DAB converter have been proposed in the literature. However, none of the

proposed solutions have managed to achieve wide-range zero-circulating current,

full-range ZVS operation and complete elimination of reactive power simultane-

ously over the whole output power range.

1.5 Main Objectives

The main objectives of this work is to propose advanced topologies and mod-

ulation schemes for immittance based 3p-DAB converter to achieve wide-range

high-efficiency performance. The proposed topologies and modulation schemes

are targeted to simultaneously achieve wide-range zero-circulating current, full-

range ZVS operation and complete elimination of reactive power. The rationale

behind utilization of immittance based 3p-DAB topologies is that immittance net-

work allows to achieve unity-power-factor operation at all of its ac ports leading

to reduced RMS port currents, lower conduction loss and elimination of reactive

power. Moreover, it also enables to precisely control the port current phasors al-

lowing to achieve full-range ZVS operation irrespective of wide-range variations in

input-to-output voltage ratio leading to a lower switching loss. Moreover, immit-

tance networks allow transforming a voltage source to current source and make

them an ideal applicant for constant-current applications such as battery charg-

ing. Moreover, they provide rigidity against short-circuit faults, ease in parallel

operation and no need to control for load changes.

12
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1.6 Outline of the Thesis

In Chapter 2, a brief overview of the basic working principle, soft-switching

conditions and design considerations for the conventional 3p-DAB converter is

presented. Moreover, a comprehensive literature review on the efficiency en-

hancement solutions proposed for 3p-DAB converter is also presented in this

chapter.

In Chapter 3, design, analysis and performance characterization of a 3p-

DAB resonant immittance (3p-DAB-RI) converter is presented. The performance

of the proposed 3p-DABRIC is analyzed in two different modes of operation i.e.

unity power factor and the full ZVS modes of operation. The performance of the

proposed converter is then compared with the conventional 3p-DABSRC. The

effectiveness of the proposed topology and modulation scheme are verified by

simulations and experimental results. Finally, recommendations for the utiliza-

tion of proposed topology in different applications is made in this chapter.

InChapter 4, a 3p-DAB Reconfigurable Resonant (3p-DAB-RR) converter is

presented that can switch between 3p-DAB-RI converter and a 3p-DAB series res-

onant (3p-DAB-SE) converter for light-load efficiency enhancement under wide-

range variations in input-to-output voltage ratio. Moreover, a detailed power loss

model is developed in this chapter and boundary conditions are determined to

switch between the two configurations to achieve wide-range high-efficiency per-

formance. The effectiveness of the proposed topology is validated by simulation

and experimental results.

In Chapter 5, design, analysis and control of a 3p-DAB Reconfigurable and

Tunable Resonant (3p-DAB-RTR) converter is presented that can switch between

a tunable 3p-DAB-RI converter and a tunable 3p-DAB-SR converter to achieve

wide-range zero-circulating current, full-range ZVS operation and complete elim-

ination of reactive power. The aforementioned claims are validated by simulation

13
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and experimental results.

In Chapter 6, conclusions and directions for future research work are given.

Moreover, suggested applications, recommended power levels and comprehensive

comparison of proposed topologies is also presented in chapter 6.

14



Chapter 2

Overview of the Three-Phase

Dual-Active-Bridge Converter

2.1 Topology Overview

The inception of the 3p-DAB converter took place in 1988 that managed to

catch the attention of research community for the subsequent years [28]. The

research in the following decade concentrated on the detailed design criteria and

advanced modulation schemes with emphasis on the utilization of 3p-DAB topol-

ogy for high-power applications [56,57].

From the topology perspective, the conventional 3p-DAB converter comprises

of three half-bridges at the primary and secondary sides coupled with a three-

phase transformer as depicted in Fig. 2.1. Based on the converter’s specifications,

the input and output voltage ratios can be adjusted by choosing the transformers

turns ratio accordingly [58–63]. The leakage inductance of the transformers i.e.

Ls = LsA = LsB = LsC (cf. Fig. 2.1) serve as energy transfer element and is

an important design parameter for the 3p-DAB converter. Since the 3p-DAB

converter comprises of active bridges at both sides, it has the capability to transfer

power in both directions (i.e. forward and reverse) and the definition of the input

15
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Figure 2.1: Circuit diagram of the conventional 3p-DAB converter.

and output sides is arbitrary for the 3p-DAB converter. This implies that all the

expressions and design considerations valid for forward direction are eligible for

reverse direction of power flow as well if the energy transfer element/network is

symmetrical [64].

The subsequent expressions and derivations that follow considers the following

idealized characteristics of the 3p-DAB converter:

1. The dc-bus voltages at the input and output sides are considered to be

constant.

2. The leakage inductances of the three phases are equal and identical (i.e. Ls

= LsA = LsB = LsC ). and

3. The magnetic coupling is ideal (LmA, LmB, LmC → ∞)

4. The 3p-DAB converter is controlled with SPS modulation scheme.
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2.1.1 Modeling of the 3p-DAB Converter

The operating principle of the conventional 3p-DAB converter, controlled with

SPS modulation scheme, can be easily understood by modeling the converter as

two three-phase HF phase-shifted four-level voltage sources connected across the

leakage inductances of the transformers as depicted in Fig. 2.2 [65–72]. In this

model, the transformer leakage inductance Ls is not considered as parasitics and

it serves as the energy/power transfer element. Furthermore, the magnetizing

inductance Lm is neglected in this model. As the modulation scheme under dis-

cussion is SPS modulation, application of phase-shifted square waves of fixed

frequency across the transformer’s leakage inductances give rise to six-step in-

ductor current [73–87]. The magnitude and direction of phase-shift determines

the amount and direction of power flow. The corresponding idealized waveforms

are shown in Fig. 2.3.

2.1.2 Relationship Between Phase-Shift and Output Power

For the derivation of output power expression in terms of phase-shift β in-

troduced between the two three-phase square wave voltage sources, the inductor

current of phase A is considered for the first six intervals as depicted in Fig. 2.3.

The waveforms shown in Fig. 2.2 consider the bounds 0 ≤ β ≤ π/3. Considering

Figure 2.2: Equivalent circuit of 3p-DAB.

17



2. Overview of the Three-Phase Dual-Active-Bridge Converter

the current to be symmetrical, piecewise linear analysis gives the inductor current

i′1A(β) in these different six intervals as represented by equation (2.1) [88].

i′1A(β) =



i′1A(0) +
Vin+V

′
o

3ωLs
β ∀ 0 ≤ β ≤ β

i′1A(β) +
Vin−V ′

o

3ωLs
(β − β) ∀ β ≤ β ≤ π

3

i′1A(
π
3
) + 2Vin−V ′

o

3ωLs
(β − π

3
) ∀ π

3
≤ β ≤ π

3
+ β

i′1A(
π
3
+ β) + 2Vin−2V ′

o

3ωLs
(β − π

3
− β) ∀ π

3
+ β ≤ β ≤ 2π

3

i′1A(
2π
3
) + Vin−2V ′

o

3ωLs
(β − 2π

3
) ∀ 2π

3
≤ β ≤ 2π

3
+ β

i′1A(
2π
3
+ β) + Vin−V ′

o

3ωLs
(β − 2π

3
− β) ∀ 2π

3
+ β ≤ β ≤ π

(2.1)

where ω = 2πfs is the angular switching frequency , fs is the switching frequency,

V ′
o = VoN is the secondary voltage reflected to the primary side of the converter

and N is the turns ratio of the transformer. It is reiterated that these expressions

are valid for the phase-shift β to be within the bounds 0 ≤ β ≤ π/3 . For the

sake of simplicity, the expressions of the inductor current i′1A(β) for phase shifts

π/3 ≤ β ≤ π/2 are not presented here and can be found in [64]. It it pertinent

to mention here that due to the large circulating current and reactive power loss

above phase-shifts π/3 to π/2, the phase-shift angle β is kept below π/3. Since

i′1A(β) is symmetrical, therefore, i′1A(0) = -i′1A(π) and the current i′1A(0) can be

found by solving the set of equations given by equation (2.1). This results in

equation (2.2).

i′1A(0) =
1

3ωLs

[
2π

3
(V ′

o − Vi)− V ′
oβ] (2.2)

Considering the converter as lossless, the output power Po can be found with the

following expression

Po = Pin =
3

2π

∫ 2π

0

v′1A(t)i
′
1A(t) dt (2.3)
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Figure 2.3: Operating waveforms for conventional 3p-DAB converter for SPS
modulation.

Finally, the expression of the output power for 0 ≤ β ≤ π/3 is given by

Po =
VinV

′
o

ωLs

β(
2

3
− β

2π
) (2.4)

2.2 Soft-Switching Conditions

The bottleneck for performing HF operation of 3p-DAB converter is the

switching loss. Mitigation of power loss in the main switch body during the

switching transitions and the body diode during reverse recovery process are of

most significance as these losses can seriously degrade the power conversion effi-

ciency of the converter [88,88–96].
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For the primary-bridge to have soft commutation, the inductor current must

lag the primary bridge voltage i.e. i′1A(0) < 0 , whereas, for the secondary-bridge

to have soft commutation, the inductor current has to lead the secondary-bridge

voltage i.e. i′1A(β) > 0. To determine the desired phase-shift to ensure soft

commutation at both bridges, expression (2.2) can be rewritten considering the

aforementioned constraints and is given by

β ≥ 2π(V ′
o − Vin)

3V ′
o

(2.5)

β ≥ 2π(Vin − V ′
o)

3Vin
(2.6)

2.2.1 Soft-Switching Region

In order to supplement the output parasitic capacitance of the switches, snub-

ber or auxiliary capacitors are often connected in parallel to the switches to

achieve ZVS commutation. During the turn off instant and the turn on instant

of the complementary switches of the same leg, a small dead band tb is added

to avoid shoot-through phenomenon. During this period, the current transfers

from the switch to the capacitors and distribute equally to the auxiliary capac-

itors of the phase leg. One capacitor is charged while the other is discharged

during this transition. Therefore, the load current must be sufficient to com-

pletely discharge/charge the auxiliary capacitors during the dead band interval

tb [97–101]. This implies that the soft-switching constraint can be rewritten as

follows to ensure the ZVS turn on of the switches in the primary and secondary

bridges.

i′1A(0) +
2CsVin
tb

≤ 0 (2.7)

i′1A(β)−
2CsVo
tbN

≥ 0 (2.8)
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where Cs represents the capacitance of the auxiliary capacitor connected across

the switch. Solving (2.5) and (2.6) for the phase-shift β gives the soft-switching

region for the primary and the secondary bridge, respectively [88]. These are

given by

β ≥ 2π(V ′
o − Vin)

3V ′
o

+
2CsVin
V ′
otb

3ωLs (2.9)

β ≥ 2π(Vin − V ′
o)

3Vin
+

2CsVo
VintbN

3ωLs (2.10)

For the case when the voltage conversion ratio G=1, the 3p-DAB converter is

able to perform ZVS operation over the full power-range with SPS modulation.

However, under the wide-range variations in voltage ratio G = nVo/Vin, the 3p-

DAB converter incurs switching loss and is unable to achieve ZVS operation

of all the switches in the primary and secondary bridges over the whole power

range. The soft-switching boundaries and the resultant soft-switching region

for the primary and secondary bridges can be found by using the expressions

(2.4),(2.9) and (2.10) as a function of transferred power to the voltage conversion

ratio G. The results are shown in Fig. 2.4 where it is evident that under partial

load conditions and wide-range variations in the G, the switches in the primary

and secondary bridges operate with hard commutation and incurs switching loss

[102–111].

2.2.2 Design Considerations for Wide-Range Variations

in Terminal Voltage

The design of a 3p-DAB converter with SPS modulation scheme for wide-range

variations in terminal voltage can be challenging as there is a trade-off between

the size of the soft-switching region and the RMS line current magnitude depend-

ing on the selection of Ls values and the phase-shift range. The design with Ls

= Ls,max results in the smallest hard-switching region, however, it causes utiliza-
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Figure 2.4: ZVS range of SPS operated 3p-DAB Converter.

tion of the whole phase-shift range to achieve high-power operation where large

phase-shift values lead to high RMS line currents [64, 112] and cause significant

conduction and reactive power loss. It has been reported in the literature that

the voltage range to be covered plays a pivotal role in the optimal design strategy

of 3p-DAB converter. For smaller voltage range, the design of the converter with

smaller phase-shift range results in minimization of the RMS line currents whereas

for wide voltage range, the recommended practice is to design the converter with

the maximum inductance Ls = Ls,max value and utilization of the entire phase-

shift range [64, 112–115]. It can, therefore, be concluded that SPS modulation

suffers from the drawbacks of high RMS line currents (attributed to the circulat-

ing current) and narrow zero-voltage switching (ZVS) range which is sensitive to

the input-to-output voltage ratios and load conditions. This makes it extremely

challenging to maintain a high-efficiency operation of an SPS-controlled 3p-DAB

converter for applications where the input-to-output voltage ratio is prone to

wide-range variations [116–123].

The following sections discusses about different approaches that have been

adopted to reduce RMS line currents and extend ZVS range for 3p-DAB converter.
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2.3 Higher Degree-of-Freedom (DoF) Modula-

tion Schemes Proposed for 3p-DAB Con-

verter

To overcome the drawbacks of SPS modulation, various modulation schemes

have been proposed for 3p-DAB converter that make use of additional degree-of-

freedom (DoF) for more efficient power flow control at the expense of increased

control complexity. The control variables available for modulating 3p-DAB con-

verter are the duty cycles (Dp, Ds) of complimentary switches in the primary

and secondary bridge, phase-shift (β) between the primary-bridge and secondary-

bridge ac voltages and the switching frequency (fs). Simultaneous control of two

control variables gives rise to a two degree-of-freedom (2-DoF) modulation scheme

for 3p-DAB converter. The most popular 2-DoF modulation scheme reported for

3p-DAB converter is the duty-cycle plus phase-shift modulation where the compli-

mentary switches in both active bridges are modulated simultaneously with same

duty cycle (i.e. Dp = Ds = D) in conjunction with the modulation of phase-shift

β [68–70, 75]. With duty-cycle plus phase-shift modulation, the operating range

of 3p-DAB can be divided into seven modes based on the values D and β ( cf.

Fig. 2.5(a)). The waveforms of primary and secondary bridge voltages for each

of the seven operating modes are shown in Fig. 2.5(b)-(h).

The advantages of this modulation scheme stems from its ability to generate

and control the pulse-width of zero voltage levels in the phase voltages (for the

duty cycle range 0<D<1/3) that can help to minimize reactive power flow and im-

prove light-load efficiency. However, with reduced load (i.e. smaller values of D),

the inductor current and energy flow through the converter becomes increasingly

discontinuous. Moreover, difficulty in the selection of optimal values of multiple

control variables (D, β) and high circulating current under heavy-load conditions
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are some of the drawbacks of this modulation scheme. Another 2-DoF modula-

tion scheme was reported in [71, 124] that utilized phase-shift (β) and switching

Figure 2.5: Seven switching modes and their voltages waveforms with different
D and β for duty-cycle plus phase-shift modulation.
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frequency (fs) as the control variables to achieve a narrow frequency range for

output power modulation and simplify closed-loop implementation. However, the

optimal efficiency performance of this modulation scheme remains highly sensi-

tive to the input-to-output voltage ratio. To further enhance control flexibility,

3-DoF modulation schemes were proposed in [39, 67] that utilized three control

variables Dp, Ds, and β, where Dp ̸= Ds, simultaneously for power flow control.

These 3-DoF modulation schemes are reported to achieve better performances in

terms of reduced conduction loss and extended ZVS range [72]; however, they

produce asymmetrical voltage waveforms that lead to increased reactive current

flow. In addition, the extensive computational efforts involved in the optimiza-

tion of three control variables Dp, Ds and β for different input-to-output voltage

ratios render their implementation challenging.

2.4 Topological Variants Proposed for 3p-DAB

Converter

In conjunction with the design of modulation schemes, another approach that

has been widely researched for enhancing the efficiency of 3p-DAB converter is

based on topological changes. In this context, multi-level 3p-DAB converters

have been widely investigated that offer the advantages of symmetrical voltage

waveforms containing more voltage levels that helps to reduce the reactive current

flow as well as lower the device stress. For example, a T -type three-level 3p-DAB

converter was proposed in [121, 123, 125] that was capable of producing a three-

level (+VDC/2, 0, −VDC/2) symmetrical voltage waveforms (cf. Fig. 2.6(a)). The

ability to control the duration of zero-voltage state with this topology favors the

minimization of reactive power flow and extension of ZVS range as compared to

two-level (+VDC/2, −VDC/2) operation of 3p-DAB converter. However, the issue
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of circulating current remains unsolved as the phase-current continues to circulate

in the converter during the zero-voltage state. For reducing circulating current,

a π-type four-level 3p-DAB converter was proposed in [126] (cf. Fig. 2.6(b)).

This topology was capable of producing a four-level (+VDC/2, +VDC/6, −VDC/2,

Figure 2.6: (a) Three-phase T -type bridge and its multi-level wave-
forms; (b)Three-phase π-type bridge and its multi-level waveforms; (c) Three-
phase full-bridge and its multi-level waveforms.
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−VDC/6 ) symmetrical voltage waveform leading to more flexible output power

control and wide-range zero circulating current. However, increased complexity

and a higher component count are some of the disadvantages of this topology.

Another modified topology of 3p-DAB converter was proposed in [9,66,127] that

comprises of three parallel 120o phase-shifted H-bridges at the primary side (cf.

Fig. 2.6(c)). This topology offers the freedom to utilize the internal phase-shift

between the two legs of the same H-bridge to generate a three-level (+VDC, 0,

−VDC) symmetrical ac voltage with adjustable duty ratio. This topology was

also proposed to limit reactive power flow and reduce conduction loss, however,

it failed to achieve wide-range ZVS operation. The concept of modified auxiliary-

resonant commutated pole was applied to 3p-DAB converter in [128] to achieve

wide-range ZVS operation; however, conduction loss cannot be minimized using

this approach.

In addition to the different modulation schemes and multi-level topologies,

resonant-variants of 3p-DAB converter have also been investigated extensively

with the objective to enhance its efficiency performance. The insertion of dif-

ferent resonant networks to the high-frequency ac-link of 3p-DAB converter of-

fers another DoF in achieving additional desirable characteristics such as dc-bias

blocking capability, lower RMS phase current, extended ZVS range, and unity-

power-factor operation [129–139]. For example, the series-capacitor in a 3p-DAB

series resonant (3p-DAB-SR) converter helps to remove the dc-bias in the phase-

current [124, 130]. Moreover, the sinusoidal current in 3p-DAB-SR converter

gives rise to lower RMS value as compared to the piecewise linear current in non-

resonant 3p-DAB converter, thus leading to a lower conduction loss. However,

the conduction loss and ZVS operation of 3p-DAB-SR converter are still sensitive

to input-to-output voltage ratio.

From the extensive literature review conducted, it can be concluded that it is

very challenging if not impossible to achieve full-range ZVS operation and wide-
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range zero circulating current simultaneously with any one modulation scheme

or topology of 3p-DAB converter. This work has targeted to propose immittance

based topologies of 3p-DAB converter that can help to minimize RMS line cur-

rent and achieve full-range ZVS operation. Further discussion on the proposed

topologies and modulation schemes follow this chapter.

2.5 Conclusion

This chapter has presented a brief overview of the basic working principle, soft-

switching conditions and design considerations for 3p-DAB converter. The main

loss mechanisms that affect the efficiency performance of 3p-DAB converter are

also discussed. Through the course of this chapter, the shortcomings of the con-

ventional 3p-DAB converter operated with SPS modulation scheme are discussed

followed by an extensive survey of different advanced modulation techniques and

topological variants proposed to overcome these shortcomings.
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Chapter 3

Design, Analysis and

Performance Characterization of

Dual-Active-Bridge DC-DC

Converter Utilizing Three-Phase

Resonant Immittance Network

3.1 Introduction

In Chapter 2, a brief overview about the topology and control of 3p-DAB

converter was presented. Moreover, various modulation schemes and topologi-

cal variants reported for the efficiency enhancement of 3p-DAB converter were

also discussed. From the extensive literature review presented, it was found that

the previously proposed solutions for efficiency enhancement of 3p-DAB converter

were unable to achieve unity-power-factor operation at all the ac-ports of 3p-DAB

converter. Unity-power-factor operation ensures zero reactive power circulation,
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reduced RMS port currents and minimum components stress. Due to its im-

mittance characteristics, the three-phase resonant immittance network (3p-RIN)

can achieve unity-power-factor operation at all of its ac-ports. However, design,

analysis and application of 3p-RIN to the 3p-DAB converter is not found in the

literature. The work presented in this chapter has been proposed with the per-

spective to design, analyze and apply the 3p-RIN to 3p-DAB topology to achieve

unity power factor operation for improving the efficiency performance of 3p-DAB

converter.

Three-Phase Resonant Immittance Network(3p-RIN)

RIN, short for resonant immittance (impedance-admittance) network, is a

two-port network having an output current proportional to the input voltage

and the input current proportional to the output voltage. Therefore, source

transformation i.e., voltage source to current source and vice-versa, can be easily

implemented by Immittance Converters [140]. The RICs are most useful where

constant output current is required [133, 141–143] and have been successfully

employed in induction heating, capacitor charging, plasma discharge, wireless

power transfer [144], inverters for photovoltaic systems and electronic lamp ballast

applications [145].

The RICs transfer power from source to load via fundamental component

of switching frequency and therefore provides isolation between the input and

output at harmonics of switching frequency by acting as filters. The voltage and

current waveforms in RIC to the excitation source is piecewise sinusoidal [146].

The immittance conversion characteristic of RIC make them a potential candidate

for use in high-frequency links of power electronics converters. A comprehensive

study on all the possible configurations of third and fourth order RIC suitable

for power electronics application was performed in [146]. Similarly, 28 possible

fifth order T-Type RIC structures deemed for constant current applications were
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proposed in [147]. Reference [140] proposed the three-phase immittance network

for the first time. However, the network proposed in [140] cannot be applied in

those applications where the excitation voltage to the network is a square wave

because in that case two stiff voltage sources are connected across the capacitors

in the network and cause current spikes problem. Thus, making it unsuitable

for the switching power converters. To the best of my knowledge, no previous

work has been carried out on the design and analysis of 3p-RIN for HF switching

power converters. The 3p-RIN proposed in this work has been derived from the

network presented in [140] and has been applied to 3p-DAB converter to optimize

its performance by achieving unity power factor operation at both ac-links of the

3p-DAB.

3.2 Design and Analysis of the 3p-RIN

The generic three-phase structure, as shown in Fig. 3.1, exhibits immittance

properties when the branch admittances YA and YB are equal in magnitude

but opposite in phase i.e., YA = Y 90◦ and YB = Y −90◦. This condition

is observed only at a particular frequency of operation and the network shows

different properties at other frequencies. The admittances YA and YB can by

realized by a simple inductor L or a capacitor C or a series/parallel combination

of L and C. However for the high-frequency ac-link applications, where the

excitation signal is either a high frequency square wave voltage or current signal,

realization of branch admittances by a single inductor L or a capacitor C is

not possible. Here, the subscript 1 represents the set of input parameters to

the network and the subscript 2 represents the set of output parameters of the

network. The adjacent nodes in the network are excited by the set of interlacing

voltages such that when immittance condition is satisfied, each output line current

is a function of input phase voltages and each input line current is a function of

31



3. Design, Analysis and Performance Characterization of Dual-Active-Bridge DC-DC Converter
Utilizing Three-Phase Resonant Immittance Network

the output phase voltages.

Figure 3.1: Generic structure of the three-phase delta connected RIN.

3.2.1 Mathematical Analysis of 3p-RIN

Identifying this network as a 6-node network and applying nodal admittance

matrix method gives equation (3.1).



I1A

I1B

I1C

−I2A

− I2A

− I2C


=



Y11 Y12 Y13 Y14 Y15 Y16

Y21 Y22 Y23 Y24 Y25 Y26

Y31 Y32 Y33 Y34 Y35 Y36

Y41 Y42 Y43 Y44 Y45 Y46

Y51 Y52 Y53 Y54 Y55 Y56

Y61 Y62 Y63 Y64 Y65 Y66





V1A

V1B

V1C

V2A

V2B

V2C


(3.1)

Here the diagonal elements Y11,Y22..., Y66 represent the self-admittances at the

nodes and the off-diagonal elements represent the mutual admittances between

the nodes. It is important to note that the input line currents entering the network

are considered as positive while the output line currents leaving the network are

taken as negative. Because of the symmetry of the network, equation (3.1) can
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be solved to get equations (3.2)-(3.7).

I1A = (YA +YB)V1A −YAV2B −YBV2C (3.2)

I1B = (YA +YB)V1B −YAV2C −YBV2A (3.3)

I1C = (YA +YB)V1C −YAV2A −YBV2B (3.4)

I2A = −(YA +YB)V2A +YAV1C +YBV1B (3.5)

I2B = −(YA +YB)V2B +YAV1A +YBV1C (3.6)

I2C = −(YA +YB)V2C +YAV1B +YBV1A. (3.7)

The network exhibits immittance properties at a particular operating frequency

when branch admittances YA and YB are equal in magnitude but opposite in

phase i.e., YA = -YB, therefore, simplification of equations (3.2)-(3.7) yield ex-

pressions for the input and output line currents of the network as a function of

output and input phase voltages respectively.

I1A = YA(V2C −V2B) (3.8)

I1B = YA(V2A −V2C) (3.9)

I1C = YA(V2B −V2A) (3.10)

I2A = YA(V1C −V1B) (3.11)

I2B = YA(V1A −V1C) (3.12)

I2C = YA(V1B −V1A). (3.13)

The above expressions represent the input line currents of the network in terms of

output phase voltages and the output line currents in terms of input phase volt-

ages. From the above expressions, it is clear that the input line currents of the

network are dependent on the output phase voltages and the output line currents

of the network are dependent on the input phase voltages. In order to determine
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the phasor relationship between line currents and the phase voltages at input and

output ports, it has been assumed that YA is overall capacitive, therefore YA can

be written in phasor form asYA = Y 90◦ where Y is the magnitude of branch ad-

mittances YA and YB at resonant frequency. Considering the network to be bal-

anced i.e,|V1A|=|V1B|=|V1C|=V1 and |V2A|=|V2B|=|V2C|=V2, the input phase

voltages can be represented in the phasor form as V1A=V1 0◦, V1B=V1 120◦,

V1C=V1 −120◦. Similarly, the output phase voltages can be represented in the

phasor form as V2A=V2 0◦ + β, V2B=V2 120◦ + β, V2C=V2 −120◦ + β. Sim-

plification of the terms containing difference of phase voltages in equations (3.8)-

(3.13) by two new phasors V∆1, V∆2 where |V∆1| =V∆1 and |V∆2| =V∆2, we ob-

tainV2C-V2B= V∆2 −90◦ + β,V2A-V2C= V∆2 30◦ + β,V2B-V2A= V∆2 150◦ + β,

V1C-V1B= V∆1 −90◦, V1A-V1C= V∆1 30◦, V1B-V1A= V∆1 150◦. Substituting

the newly defined phasors V∆1, V∆2 in equations (3.8)-(3.13), the following ex-

pressions are obtained which gives insight about the phasor relationship between

line currents and phase voltages at input and output ports of the network.

I1A = Y V∆2/0
◦ + β (3.14)

I1B = Y V∆2/120
◦ + β (3.15)

I1C = Y V∆2/−120◦ + β (3.16)

I2A = Y V∆1/0
◦ (3.17)

I2B = Y V∆1/120
◦ (3.18)

I2C = Y V∆1/−120◦. (3.19)

It is interesting to note from the above expressions that the input line currents of

the network are in-phase to the output phase voltages and the output line currents

of the network are in-phase to the input phase voltages. By adjusting the phase-

shift between input and output phase voltages, the desired power factor can be
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achieved at input and output ports. In the above analysis, it has been considered

that YA = Y 90◦. This scheme of configuration gives in-phase relation between

line currents at one port and the phase voltages at the other port. For the caseYA

= Y −90◦, the phase relationship between line currents and the phase voltages

is reversed. Further discussion regarding the phasor relationship between phase

voltages and line currents under different operation modes is carried out in the

following subsection.

3.2.2 Phasor Relationship Between Phase Voltages and

Line Currents

Phasor diagrams corresponding to equations (3.8)-(3.13) exhibiting phase re-

lationship between line currents and the phase voltages are shown in Figs. 3.2-3.4.

Phasor diagrams for three different operation modes are considered here. Fig. 3.2

shows the phasor relationship for the condition when input and output phase

voltages are in-phase (i.e. in-phase operation). Under this condition, power flows

from left to right with unity power factor at both sides of the network. Due to the

fixed inter-phase relationship and the symmetry of connections in the network,

it is evident that each output line current is in phase to the corresponding phase

input voltage and each input line current is in phase to the corresponding phase

output voltage. Hence, the phasor of output line current is locked to the phasor

of input phase voltage and the phasor of input line current is locked to the phasor

of output phase voltage.

Fig. 3.3 presents the phasor diagram for the operation mode when the input

and output phase voltages are 180◦ out of phase (i.e. anti-phase operation). As

the line currents and the phase voltages are in anti-phase relation at both input

and output ports, power flows from right to left of the network. Therefore, the

direction of input and output line currents as shown in Fig. 3.2 will be reversed.
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Figure 3.2: Phasor diagram of 3p-RIN for in-phase operation i.e, forward power
flow with unity power factor; (a) phasor relationship between the phase voltages
and line currents; (b) phasor diagrams of input line currents as function of output
phase voltages ; (c) phasor diagrams of output line currents as function of input
phase voltages.

It is observed that the phasor relationship between the output line currents, input

phase voltages and the input line currents and the output phase voltages are the

same as in in-phase operation.

Fig. 3.4 shows the phasor diagram for the operation mode when the input

phase voltage leads the output phase voltage by a phase angle β. Under this

condition, power flows from left to right with lagging power factor at the input

side and leading power factor at the output side. It is important to note that
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Figure 3.3: Phasor diagram of 3p-RIN for anti-phase operation i.e, reverse power
flow with unity power factor ; (a) phasor relationship between the phase voltages
and line currents; (b) phasor diagrams of input line currents as function of output
phase voltages ; (c) phasor diagrams of output line currents as function of input
phase voltages.

introduction of phase-shift angle β between the input and output phase voltages

cause the input line current to lag the input phase voltage and the output line

current to lead the output phase voltage by the same phase shift β. This intrinsic

characteristic of the 3p-RIN can be utilized to achieve ZVS operation in both

bridges of the 3p-DAB.

The analysis of equations (3.14)-(3.19) and Figs. 3.2-3.4 reveal that for the

generic structure shown in Fig. 3.1, output line currents are dependent and in-

37



3. Design, Analysis and Performance Characterization of Dual-Active-Bridge DC-DC Converter
Utilizing Three-Phase Resonant Immittance Network

Figure 3.4: Phasor diagram of 3p-RIN for out of phase relationship between input
and output phase phase voltages (for achieving full ZVS operation in 3p-DAB)
;(a) phasor relationship between the phase voltages and line currents; (b) phasor
diagrams of input line currents as function of output phase voltages; (c) phasor
diagrams of output line currents as function of input phase voltages.

phase to the input phase voltages and the input line currents are dependent and

in-phase to the output phase voltages thus qualifying this generic network as an

immittance network. A large number of three-phase immittance networks can be

realized from this delta configuration of admittances. One such network is shown

in Fig. 3.5. In this network inductor L1, capacitor C1 constitute the branch

admittance YA and inductor L2, capacitor C2 forms the branch admittance YB

such that the branch admittances YA and YB cancel each other at the switching
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Figure 3.5: Proposed 3p-RIN.

frequency. This is achieved by selecting the passive components values such that

the series-resonant frequency of one of the series LC branch is below the switching

frequency fs while the series resonant frequency of the other LC branch is above

fs. Therefore when operated at fs, one branch is predominantly capacitive in

nature and the other branch is predominantly inductive , however, admittances

of both branches being equal and opposite cancel each other and the immittance

condition is achieved.

The proposed 3p-RIN can be used for a large number of HF three-phase power

electronics applications. As shown in Fig. 3.6, the proposed network can be used

to link and control the power flow between two HF three-phase power sources.

This chapter proposes the utilization of properties possessed by the 3p-RIN to

optimize the performance of 3p-DAB by achieving unity power factor operation

for both ac-links of the converter for whole power range. In addition, full ZVS

3p-Source 1 3p-Source 2
3p-RIN

Power Flow

Figure 3.6: Block diagram representation for HF power electronics application of
proposed 3p-RIN.
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operation can also be achieved for both bridges of the 3p-DAB by the phase

shift control with the proposed 3p-RIN although this operation mode will lead to

increased circulating current as will be discussed later. The next section discusses

the application of proposed 3p-RIN in 3p-DAB.

3.3 Proposed 3p-DAB Resonant Immittance (3p-

DAB-RI) Converter

The proposed 3p-DAB-RI Converter, as shown in Fig. 3.7, consists of three

phase-shifted full H-bridges in the primary side connected through three single-

phase open delta-wye configured transformers and 3p-RIN to the secondary side

three-phase inverter. Capacitors Ci and Co are large enough to ensure that the

input and output dc-link voltages remain constant. The rationale for adopting

three full H-bridges in the primary side is that the proposed topology utilizes the

internal phase-shift angle α between the adjacent legs of each full H-bridge for

modulating output power. Modulation of α controls the width of the zero-voltage

level in the phase-voltage on the primary side of the transformer and hence,

controls the output power. If a 3p-half-bridge inverter topology is adopted on

Figure 3.7: Proposed 3p-DAB-RI converter

40



3. Design, Analysis and Performance Characterization of Dual-Active-Bridge DC-DC Converter
Utilizing Three-Phase Resonant Immittance Network

the primary side of the transformers, this modulation scheme cannot be applied

and the other modulation techniques like SPS and frequency modulation will lead

to increased reactive power loss and more circulating current. It is important to

mention here that two control variables α and β are used to control the magnitude

and direction of power flow through the converter. Phase shift angle α is half of

the phase-shift angle introduced between the adjacent phase legs of the primary

bridge i.e. internal phase-shift angle whereas phase-shift angle β is the phase-shift

angle introduced between the primary and secondary phase voltages i.e. external

phase-shift angle.

3.3.1 Unity Power Factor Operation

Operating waveforms of the 3p-DAB-RI converter for the unity power factor

operating mode are given in Fig. 3.8. Due to the immittance characteristics

of 3p-RIN, output line current of the immittance network is dependent and in

phase to the input phase voltage and can be controlled by regulating the primary

bridge voltage. Therefore, α can be used to modulate the primary bridge voltage

and control the magnitude of output current/power. Modulation of primary

side voltage gives rise to three level voltage waveforms, however, fundamental

component of voltage waveform remains in phase to the output line current of the

immittance network. Therefore, when β = 0◦, line-currents and phase-voltages

are in in-phase relationship at both sides of 3p-RIN and power flows from left

to right with unity power factor. The direction of power flow is determined by

β. For reverse power flow with unity power factor, the converter is operated in

anti-phase relationship between the primary and secondary bridge voltages i.e. β

= 180◦.
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Figure 3.8: Operating waveforms for unity power factor operation of the proposed
3p-DAB for (a) forward power flow i.e in-phase operation; (b) reverse power flow
i.e anti-phase operation.

3.3.2 Full ZVS Operation

Operating waveforms of the 3p-DAB-RI converter for full ZVS operating

modes are given in Fig. 3.9. Although the unity power factor operation ensures

minimum reactive power loss, reduced components stress and optimum perfor-

mance of the converter but switches in the lagging leg of each phase in the primary

bridge are hard switched leading to commutation loss. To ensure ZVS commuta-

tion for both bridges of 3p-DAB, the primary side current must lag the primary

phase voltage while the secondary side current must lead the secondary phase

voltage by a small phase-shift angle in order to generate sufficient reactive cur-

rent that can charge/discharge the output parasitic capacitance of the switches

within the dead time [67]. As discussed in Section. 3.2.2, due to the immittance
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Figure 3.9: Operating waveforms for full ZVS operation of the proposed 3p-DAB
for (a) forward power flow ; (b) reverse power flow.

characteristics possessed by the proposed 3p-RIN, the output line current of the

3p-RIN is in phase with the input phase voltage and the input line current is

in phase with the output phase voltage. The introduction of an external phase-

shift angle β between the input and output phase voltages causes the input line

current to lag the input phase voltage and the output line current to lead the

output phase voltage by the same phase-angle β, thus, introducing reactive power

at the input and output ports of the network and allowing ZVS operation of all

switches. However, this ZVS operation gives rise to extra circulating current

leading to increased reactive power loss. In order to achieve full ZVS operation

with minimum circulating current, the converter should be operated with the

condition β = α. For the case β = α, there will be no reactive power loss in the

primary bridge as the input line current will follow the positive rising edge of the
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input phase voltage while the reactive power loss in the secondary bridge would

also be minimum as shown in Fig. 3.10a. However, for the case β > α, all the

switches in the primary and secondary bridges will still achieve ZVS operation

but it will introduce reactive power loss in the primary bridge while the reactive

power loss in the secondary bridge would also become more significant due to

the larger phase-shift β between the output phase voltage and the output line

current as shown in Fig. 3.10b. This is the reason β = α is selected as the optimal

operating condition to achieve ZVS operation with minimum reactive power loss

at a certain power level. A comparison of the converter’s performance for both

of the aforementioned operation modes is given in the Section. 3.5.

Figure 3.10: Full ZVS operation waveforms of the proposed 3p-DAB for the case
(a) β = α ; (b) β > α.
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3.4 Modeling and Analysis

3.4.1 Presumptions

The modelling and analysis of the converter is performed while considering

the following assumptions [52]:

1. The switches and passive components used in the converter exhibit ideal

properties.

2. Fundamental components of the waveforms are used for the analysis. The

effect of higher order harmonics is not considered.

3. Due to large input and output filter capacitors, the dc-bus voltages at the

input and output sides are considered constant.

4. Each branch admittance of the immittance network shared between the

three-phases is identical, therefore all the three-phases are balanced. The

value of inductances L1, L2 in the branch admittances YA, YB is much

greater than the transformers leakage inductances Ls. Therefore, the effect

of transformers leakage inductance is not considered in the analysis.

3.4.2 Power Flow Analysis

To derive the power flow expressions for the converter, the primary side param-

eters are reflected to the secondary side of the transformer. Using the fundamental

component analysis, the input phase voltages, with respect to the transformers

star point, exciting the immittance network at nodes 1, 2 and 3 can be represented
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in terms of α by following expressions [48]:

v1A(t) =
4Vin cos(α)

nπ
sin(ωt) (3.20)

v1B(t) =
4Vin cos(α)

nπ
sin

(
ωt+

2π

3

)
(3.21)

v1C(t) =
4Vin cos(α)

nπ
sin

(
ωt− 2π

3

)
(3.22)

where n = Np

Ns
is the transformer turn ratio. The output phase voltages at nodes

4, 5 and 6, with respect to dc-bus midpoint on the secondary inverter side, can

be represented in terms of β by following expressions:

v2A(t) =
2Vo
π

sin(ωt+ β) (3.23)

v2B(t) =
2Vo
π

sin

(
ωt+

(
β +

2π

3

))
(3.24)

v2C(t) =
2Vo
π

sin

(
ωt+

(
β − 2π

3

))
. (3.25)

Substituting the expressions (3.20)-(3.25) in time-domain representation of ex-

pressions (3.8)-(3.13) and considering Y as the magnitude of branch admittances

at immittance condition, the line currents flowing through the 3p-RIN can be

represented by following expressions:

i1A(t) =
2
√
3VoY

π
sin(ωt+ β) (3.26)

i1B(t) =

√
3VoY (

√
3 cos(ωt+ β)− sin(ωt+ β))

π
(3.27)

i1C(t) = −
2VoY (sin(ωt+ (β + π

6
)) + cos(ωt+ β))

π
(3.28)

i2A(t) =
4
√
3VinY

nπ
cos(α) sin(ωt) (3.29)

i2B(t) =
2VinY cos(α)(3 cos(ωt)−

√
3 sin(ωt))

nπ
(3.30)

i2C(t) = −2VinY cos(α)(3 cos(ωt) +
√
3 sin(ωt))

nπ
. (3.31)
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Considering the converter as lossless, the output power Po can be found with the

following expression

Po = Pin =
3

2π

∫ 2π

0

v2A(t)i2A(t) dt (3.32)

Simplification of expression (3.32) yields the expression for output power

Po =
12
√
3VoVinY

nπ2
cos(α) cos(β) (3.33)

The output current can be obtained from the expression (3.33) and is given by

Io =
12
√
3VinY

nπ2
cos(α) cos(β) (3.34)

For unity power factor operation, β = 0◦ and power flow can be controlled by

modulating α according to the following relation

Po =
12
√
3VoVinY

nπ2
cos(α) (3.35)

As discussed in Section. 4.3, to perform full ZVS operation with minimum circu-

lating power, condition β = α needs to be satisfied. Therefore substituting β =

α in expression (3.33), power flow expression for this mode of operation is given

by

Po =
12
√
3VoVinY

nπ2
cos2(α) (3.36)

3.4.3 Design Procedure and Elements Value Selection

As discussed in Section. 5.1, branch admittances YA and YB resonate with

each other at the switching frequency to achieve immittance power conversion

characteristics whereas the magnitude Y of branch admittances YA and YB at

the switching frequency determine the power rating of the 3p-RIN. For branch
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admittances YA and YB to resonate at the switching frequency, the branch ad-

mittance YA needs to operate below its series-resonant frequency ωA so that due

to below resonance operation this branch is overall capacitive, whereas, branch

admittance YB needs to operate above its series-resonant frequency ωB so that

due to above resonance operation this branch is overall inductive, however, both

branch admittances being equal in magnitude but opposite in phase i.e. YA=-

YB cancel each other and resonates at the switching frequency. Therefore, the

resonant frequency at which branch admittances YA and YB resonate with each

other and immittance condition is achieved is set to be switching frequency and

can be found by solving |YA| = |YB|. The expression for resonant frequency ωR

is given below

ωR = 2πfS =

√
(C1 + C2)

C1C2(L1 + L2)
(3.37)

As the branch admittances YA and YB resonate at the switching frequency,

the magnitude Y of the branch admittances YA and YB is given by the following

expression

|YA| = Y =
∣∣∣ ωRC1

ωRL1

(
ωRC1 −

1

ωRL1

)
∣∣∣ (capacitive)

|YB| = Y =
∣∣∣ ωRC2

ωRL2

(
ωRC2 −

1

ωRL2

)
∣∣∣ (inductive). (3.38)

The expressions for the angular series-resonant frequencies ωA and ωB of

branch admittances YA and YB are given as

ωA =
1√
L1C1

ωB =
1√
L2C2

(3.39)
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The relationship between the resonant frequency ωR and the series-resonant

frequencies ωA and ωB of branch admittances YA and YB can be found by sub-

stituting the expressions for L1 and L2 from (3.39) into (3.38) and is given by

|YA| = Y =
ωRC1

1−
(ωR

ωA

)2 ∋ ωA > ωR (capacitive)

|YB| = Y =
ωRC2(ωR

ωB

)2
− 1

∋ ωB < ωR (inductive). (3.40)

The series-resonant frequency ωA of branch admittanceYA needs to be greater

than the resonant frequency ωR so that due to below resonance operation of

branch admittance YA at the resonant frequency ωR, this branch is overall ca-

pacitive, whereas, the series-resonant frequency ωB of branch admittance YB

needs to be smaller than the resonant frequency ωR so that due to above res-

onance operation of branch admittance YB at the resonant frequency ωR, this

branch is overall inductive. The ratios ωR

ωA
and ωR

ωB
in the denominator of expres-

sion (3.40) depict how far the branch admittances YA and YB are operating from

their series-resonant frequencies and determine the shape of current waveforms,

voltage stress across the passive components and the size of passive components

in the 3p-RIN. For the values of series-resonant frequencies ωA and ωB selected

closer to the resonant frequency ωR i.e. the ratios ωR

ωA
and ωR

ωB
approaches to

unity, the current through the 3p-RIN would be more sinusoidal but due to near

resonance operation there will be more voltage stress across the components in

the 3p-RIN and would require components of larger size. In order to minimize

the components stress and have near sinusoidal current waveforms through the

3p-RIN, the series-resonant frequency ωA of branch admittance YA is selected as

1.2 times of the resonant frequency ωR while the series-resonant frequency ωB of
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branch admittance YB is selected as 0.8 times of the resonant frequency ωR.

ωA = 1.2ωR, ωB = 0.8ωR (3.41)

The values of passive components L1, L2, C1 and C2 are obtained by using ex-

pressions (3.38)-(3.41).

3.4.4 Sensitivity Analysis for 3p-RIN Parameter Values

To benchmark the effect of parameter sensitivity on the performance of the

proposed 3p-RIN, the following equations have been defined that include the

effect of variation in the passive component values i.e. L1, L2, C1, and C2. For

the case of variation in passive component values, the new resonant frequency

ωR,∆ at which branch admittances YA and YB resonate is given by

ωR,∆ = 2πfS =

√
(C1 +∆C1) + (C2 +∆C2)

(C1 +∆C1)(C2 +∆C2)((L1 +∆L1) + (L2 +∆L2))
(3.42)

where ∆L1, ∆L2, ∆C1, and ∆C2 are the terms representing variation in L1,

L2, C1, and C2 values respectively. The new series-resonant frequencies of branch

admittances YA and YB can be derived from (3.39) and are given as Right-click

on figure for MathML and additional features.

ωA,∆ =
1√

(L1 +∆L1)(C1 +∆C1)

ωB,∆ =
1√

(L2 +∆L2)(C2 +∆C2

. (3.43)

Similarly, the new magnitudes of branch admittances YA and YB can be
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derived from (3.38) and are given by (3.44).

|YA,∆| = YA,∆

=
∣∣∣ ωS(C1 +∆C1)

ωS(L1 +∆L1)
(
ωS(C1 +∆C1)−

1

ωS(L1 +∆L1)

)
∣∣∣

(capacitive)

|YB,∆| = YA,∆

=
∣∣∣ ωS(C2 +∆C2)

ωS(L2 +∆L2)
(
ωS(C2 +∆C2)−

1

ωS(L2 +∆L2)

)
∣∣∣

(inductive). (3.44)

The expressions for |YA,∆| and |YB,∆| can also be written in terms of new

series-resonant frequencies ωA,∆ and ωB,∆ and are given by (3.46).

|YA,∆|=YA,∆=
ωS(C1 +∆C1)

1−
( ωS

ωA,∆

)2 ∋ ωA,∆>ωS (capacitive)

|YB,∆|=YB,∆=
ωS(C2 +∆C2)( ωS

ωB,∆

)2
− 1

∋ ωB,∆<ωS (inductive). (3.45)

For the case of variation in 3p-RIN component values, the output power ex-

pression given by (3.33) would be no longer valid as it was derived considering

the condition that branch admittances YA and YB resonate at the switching fre-

quency i.e. YA=-YB. Due to variation in the passive component values, the new

branch admittances YA,∆ and YB,∆ will not resonate at the switching frequency

and will have resonant frequency different than the switching frequency. To de-

rive the new expressions for output power Po in case of variations in parameter
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values, the (3.2) for output line current of the 3p-RIN can be rewritten as:

I2A,∆ = −(YA,∆ +YB,∆)V2A +YA,∆V1C +YB,∆V1B (3.46)

The time-domain representation for (3.46) is given by (3.47).

i2A,∆(t) =
(2nVo cos(β + ωt)(YB,∆ − YA,∆))− (4Vin cos(α)(YA,∆ cos(π

3
+ ωt) + YB,∆ sin(π

6
+ ωt))

nπ
.

The new expression for the output power Po,∆ can be written as

Po,∆ =
3

2π

∫ 2π

0

v2A(t)i2A,∆(t) dt (3.47)

Simplification of expression (3.47) yields the expression for output power Po,∆ as

given by (3.48).

Po,∆ =
6VoVin cos(α)(YB,∆ sin(β)− YA,∆ sin(β) +

√
3YA,∆ cos(β) +

√
3YB,∆ cos(β))

nπ2

(3.48)

It is interesting to note that for the case YA,∆ = -YB∆, expression (3.48) reverts

to the original expression for output power as given by (3.33). For nominal

operating point i.e. α = 0◦, β = 0◦, expression (3.48) and (3.33) can be written

as

Po,∆ =
6
√
3VoVin(YA,∆ + YB,∆)

nπ2
(3.49)

Po =
6
√
3VoVin(2Y )

nπ2
(3.50)

Normalizing Po,∆ with respect to Po gives the following expression

δY =
Po,∆

Po

=
(YA,∆ + YB,∆)

2Y
(3.51)

Deviation of L1, L2, C1, and C2 from their nominal values will vary YA,∆ and
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YB,∆ respectively and will cause the output power to change according to (3.51).

As the branch admittance YA,∆ is considered to be predominantly capacitive

and the branch admittance YB,∆ is considered to be predominantly inductive,

an increase in the values of L1, C1 and L2, C2 will cause an increase in YA,∆ and

decrease in YB,∆ respectively. The same can also be validated by using expressions

(3.44) and (3.45). Therefore, for the case of increase in L1, C1 and L2, C2 values,

the variation in the output power would be small because of the increase in YA,∆

and decrease in YB,∆ values as the deviation of term (YA,∆ + YB,∆) in expression

(3.52) from the nominal value of 2Y would be small. Likewise, for the case of

decrease in L1, C1 and L2, C2 values, the value of YA,∆ will decrease whereas the

value of YB,∆ will increase accordingly. Therefore, also for the case of decrease

in L1, C1 and L2, C2 values, the variation in the output power would be small

because of the decrease in YA,∆ and increase in YB,∆ values. Likewise, in this case,

the deviation of term (YA,∆ + YB,∆) in expression (3.51) from the nominal value

of 2Y would be small. The aberration in the output power would be large for the

case when there is an increase in the values of L1, C1 and decrease in the values of

L2, C2 or vice versa as in that case the values of YA,∆ and YB,∆ will complement

each other and the deviation of term (YA,∆ + YB,∆) in expression (3.51) from the

nominal value of 2Y would be large.

Typically the variation in 3p-RIN parameter values will be Gaussian dis-

tributed, therefore, to observe the effect of ±5 % variations in the parameter

values on the performance of the proposed converter, a set of 10,000 randomly

generated numbers with the lower and upper bounds of -0.05 and 0.05 respec-

tively is created which represents the ± 5 % random variations in the parameter

values i.e. ∆L1, ∆L2, ∆C1 and ∆C2. The value of Po,∆ for each of these 10,000

randomly generated numbers is calculated using (3.51) and is plotted in the form

of histogram as shown in Fig. 3.11. It is clear from the results that the data set

has a mean µ of 1.01, standard deviation σ of 0.07 and nearly all values lie within
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Figure 3.11: Histogram depicting the variation in output power Po,∆ for ± 5 %
variation in 3p-RIN parameter values.

two standard deviations of the mean. This reflects that for nearly all the random

variations in the 3p-RIN parameter values within ± 5 % range, the output power

varies within the range of 0.87 - 1.15 times of the rated output power. Majority

of the values are distributed around the mean value of 1.01 and the likelihood of

variation in output power to the extreme values is very rare.

3.5 Prototype Design and the Experimental Re-

sults

To validate the feasibility of the proposed converter, a laboratory prototype

as shown in Fig. 3.12 has been designed and built according to the specifications

given in Table I. The prototype has been operated in two modes of operation. In

the first mode, only internal phase-shift angle α in the primary bridge is controlled

to modulate the output power. There is no phase-shift between the respective

phases in the primary and secondary sides and they operate in in-phase relation
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Figure 3.12: Experimental proof-of-concept prototype of the proposed converter.

Table 3.1: Design specifications for 3p-DAB-RI converter prototype.

Input Voltage Vin 400 V

Output Voltage Vo 220 V

Maximum Rated Output Power Po 2 kW

L1, L2 761.7 µH, 931.2 µH

C1, C2 57.7 nF, 106.2 nF

Switching Frequency fs 20 kHz

Primary-Side MOSFETs 12 x UJC06505K (650 V, 36.5 A, 45 mΩ)

Secondary-Side MOSFETs 6 x UJC06505K (650 V, 36.5 A, 45 mΩ)

Transformers core shape and material 3 X N87 Ferrite (ETD-54 Core)

Inductors core shape and material 6 X N87 Ferrite (ETD-54 Core)

Input Electrolytic Capacitors 2 X 470 µF/450 V

Input Polypropylene Capacitors 6 X 1 µF/ 650 V

Output Electrolytic Capacitors 2 X 1200 µF/400 V

Output Electrolytic Capacitors 6 X 470 nF/ 400 V

Controller Texas Instruments TMS320F28337D

i.e, β = 0◦. Under this mode of operation, unity power factor is achieved at both

ac sides of the 3p-RIN resulting in mitigation of circulating power and reduced

stresses on the switches. However in this mode of operation, the switches in the

lagging leg of each phase on the primary side are hard switched causing switching
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losses. For reverse power flow in this mode of operation, the converter operates

in anti-phase relation between the primary and secondary phase voltages and the

external phase-shift angle β is set to 180◦.

To observe and compare the performance of the converter with minimum

switching losses, the converter is operated in the second mode of operation in

which both internal and external phase-shift angles α and β are modulated simul-

taneously to achieve full ZVS operation. In this mode, the converter is operated

under the condition β = α in order to achieve full ZVS operation with minimum

circulating current. For reverse power flow under this mode of operation, the

phase shift angles are controlled under the condition β = (π - α) to achieve full

ZVS operation.

Finally, the performance of proposed converter in both operation modes is

compared with the conventional 3p-DAB series resonant converter (SRC) con-

trolled with conventional SPS modulation scheme followed by a discussion on the

recommended power levels of the proposed topology. The details of experimental

results are discussed in the next subsection.

3.5.1 Unity Power Factor Operation

Results of unity power factor operation for forward power flow at four different

power levels i.e, rated output power, 75 %, 50 % and 25 % -rated power are shown

in Fig. 3.13- Fig. 3.15. From the results it is clear that the 3p-RIN maintain

unity power factor at both ac-links of the converter for entire power range. This

results in the minimization of conduction loss resulting from circulating current

and stresses on the switches. The in-phase relationship between the input and

output phase voltages and the line currents of the 3p-RIN can be observed in

Fig. 3.15. It is important to reiterate here that the selection of series-resonant

frequencies ωA and ωB determine the shape of current waveforms and the voltage
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Figure 3.13: Experimental waveforms (unity power factor operation) for Vin =
400 V, Vo = 220 V, Io = 9.1 A and α = 0◦ at rated power.
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Figure 3.14: Experimental waveforms (unity power factor operation) for Vin =
400 V, Vo = 220 V, Io = 6.83 A and α = 41.4◦ at 75%-rated power.
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Figure 3.15: Experimental waveforms (unity power factor operation) for Vin =
400 V, Vo = 220 V : (a) Io = 4.5 A and α = 60◦ at 50%-rated power: (b) Io =
2.2 A and α = 75.5◦ at 25%-rated power.

stress across the passive components in the 3p-RIN. The current waveforms, as

shown in Fig. 3.13- Fig. 3.15, would be more sinusoidal when the series-resonant

frequencies ωA and ωB are selected closer to the switching frequency, however,
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in that case there would be higher voltage stress across the passive components

in the 3p-RIN. The results of reverse power flow at 50 %-rated power are shown

in Fig. 3.16. The switching waveforms for this mode of operation are given in

Fig. 3.17 where it can be seen that switches in the lagging leg of phase A are hard

switched. Therefore, switches in the lagging leg of each phase in the primary

bridge are hard switched whereas the switches in the leading leg of each phase in

the primary bridge and the switches in the secondary bridge are soft switched.

However, it should be noted that the hard switching occur at the lower values

of input phase currents and gradually reduces as the output power increases and

α decreases [48]. As the proposed converter has been modeled considering
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Figure 3.16: Experimental waveforms (unity power factor operation) for reverse
power flow with Vin = 400 V, Vo = 220 V, Io = - 4.5 A , α = 60◦ and β = 180◦

at 50%-rated power.
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Figure 3.17: Switching waveforms (unity power factor operation) for Vin = 400
V, Vo = 220 V, Io = 8.1 A and α = 25.8◦ at 90%-rated power.

the fundamental component analysis, therefore, to analyze the errors caused by
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using the fundamental component analysis, a comparison is made between the

RMS values of the output line current I2A obtained by applying the analytical

expression (3.52) based on the fundamental component analysis and the values

obtained from circuit simulation based on the actual current waveforms. The

current values obtained by two different methods are plotted in Fig. 3.18 where

the close agreement between the two verifies the small error incurred by applying

fundamental component analysis in the presented analysis.

I2A,rms =

√
1

2π

∫ 2π

0

[i2A(t)]2dωt

=
2
√
6 VinY cos(α)

nπ
(3.52)

Figure 3.18: Comparison of RMS values of line current I2A obtained by simulation
and fundamental component analysis.
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3.5.2 Full ZVS Operation

The switching waveforms for full ZVS operation are given in Fig. 3.19. It

is clear from the results that under this mode of operation, all the switches in

primary bridge are soft switched. Results of full ZVS operation for forward power

flow at two different power levels i.e, 50 % and 25 % -rated power are shown in

Fig. 3.20 and the results of reverse power flow at the same two power levels are

given in Fig. 3.21. It must be noted that at lower power levels when α and β are

large, the circulating power loss dominates leading to loss in efficiency.
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Figure 3.19: Switching waveforms (full ZVS operation) for Vin = 400 V, Vo = 220
V, Io = 7.7 A and α = β = 22.7◦ at 85%-rated power.
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Figure 3.20: Experimental waveforms (full ZVS operation) for Vin = 400 V, Vo
= 220 V : (a) Io = 4.5 A and α = β = 45◦ at 50%-rated power: (b) Io = 2.2 A
and α = β = 60◦ at 25%-rated power.
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Figure 3.21: Experimental waveforms (full ZVS operation) for reverse power flow
with Vin = 400 V, Vo = 220 V : (a) Io = -4.5 A, α = 45◦ and β = 135◦ at
50%-rated power: (b) Io = -2.2 A, α = 60◦ and β = 120◦ at 25%-rated power.

3.5.3 Performance Comparison with the Conventional 3p-

DAB-SR converter

In order to benchmark the performance of proposed 3p-DAB resonant immit-

tance (3p-DAB-RI) converter, a laboratory prototype of conventional 3p-DAB

series resonant (3p-DAB-SR) converter has also been designed and built using

the same specifications and components as given in Table I. The conventional

3p-DAB-SR converter, as shown in Fig. 3.22, comprises of series LC network in

each phase instead of the 3p-RIN as used in the proposed topology. Conventional

SPS modulation scheme has been applied to modulate the output power for the

conventional 3p-DAB-SR converter, therefore, three legs are used in the primary

bridge instead of six legs. The values of passive components have been calculated

using expressions (3.53) and (3.54) and are found out to be L = 1.18 mH and

C = 83.6 nF.

Po =
6nωCVinVo sin(β)

π2(( ω
ωR

)2 − 1)
(3.53)

ωR =
1√
LC

, ωR = 0.8ω (3.54)

Experimental waveforms of the conventional 3p-DAB-SR converter controlled

with SPS modulation scheme are shown in Fig. 3.23. From the results it is clear
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Figure 3.22: Conventional 3p-DAB-SR converter.

(a) (b)

Figure 3.23: Experimental waveforms (conventional 3p-DAB-SR converter con-
trolled with SPS modulation) for Vin = 400 V, Vo = 220 V : (a) Io = 4.5 A,
β = 30◦ at 50%-rated power: (b) Io = 2.2 A and β = 15◦ at 25%-rated power.

that for conventional 3p-DAB-SR converter, the line currents are higher than the

proposed 3p-DAB-RI converter (at same power levels) because of the out of phase

relationship between currents and voltage waveforms leading to higher circulating

current, component stress and conduction loss. The RMS line currents compari-

son between the proposed 3p-DAB-RI converter (for both operation modes) and

the conventional 3p-DAB-SR converter is shown in Fig. 3.24a. The results indi-

cate higher RMS line currents over the entire power range for the conventional

3p-DAB-SR converter as compared with the proposed 3p-DAB-RI converter for

unity power factor operation. It is interesting to note that the circulating current

and the power loss increases sharply towards the higher power level as phase-
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(a) (b)

Figure 3.24: (a) Line currents I2A,rms comparison between the proposed 3p-DAB-
RI converter and the conventional 3p-DAB-SR converter (b) Efficiency curves for
the proposed 3p-DAB-RI converter and the conventional 3p-DAB-SR converter.

shift angle β becomes larger for conventional 3p-DAB-SR converter. However,

the proposed 3p-DAB-RI converter when operated in full ZVS operation mode,

suffers from higher conduction loss at lower power levels.

The efficiency curves for the proposed 3p-DAB-RI converter (for both opera-

tion modes) and the conventional 3p-DAB-SR converter are shown in Fig. 3.24b.

The proposed 3p-DAB-RI converter when operated at unity power factor shows

better performance over the entire power range as compared to the conventional

3p-DAB-SR converter. This is attributed to the reduced circulating current and

reactive power loss in the proposed converter. The conventional 3p-DAB-SR con-

verter suffers from severe efficiency loss at higher power levels due to increased

circulating current.

When comparing unity power factor operation with the full ZVS operation

for the proposed 3p-DAB-RI converter, efficiency in the unity power factor mode

is significantly higher as compared to the full ZVS mode of operation particularly

at lower power levels. However, efficiency curves for both operation modes con-
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verge at higher power levels. For lower power levels, full ZVS operation mode has

higher circulating current and conduction loss leading to lower efficiency. Un-

der the unity power factor operation, the dominant loss is the conduction loss

incurred in the passive elements of the 3p-RIN and parasitic resistance of the

switches and attributed less to the switching loss.

The power loss distribution for both modes of operation is given in Fig. 3.25.

The conduction loss dominates the overall losses for both modes of operation,

however, due to higher RMS values of line current in the full ZVS mode of op-

eration, the conduction loss is higher in full ZVS mode of operation. At lower

power levels distinctively, due to larger values of α and β, there is more circulat-

ing current in the primary bridge and more reactive power loss in the secondary

bridge which results in higher conduction loss for full ZVS mode of operation. It

can be concluded that overall unity power factor operation gives more superior

performance as compared to the full ZVS operation for the proposed specifica-

tion of the converter, however at certain other specifications where the switching

loss is dominant full ZVS operation can be achieved to optimize the converter’s

performance.

Figure 3.25: Distribution of power losses for (a) Unity Power Factor Operation
(b) Full ZVS Operation.
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3.5.4 Recommended Power Levels

The recommendations for utilization of 3p-DAB topology for various high-

power and high-current applications such as aerospace applications [28], railway

traction systems [148] and electric vehicle battery charging systems [149] ranging

from multikilowatt to tens of kilowatts have been reported in the literature. At

power ratings in this range, the reactive power loss in the primary and secondary

bridges of the conventional 3p-DAB converter and the conduction losses incurred

due to higher RMS value of line currents are very significant. However, due to

unity power factor at both ac-links of the 3p-DAB in the proposed topology, the

difference between the RMS line currents of the two topologies become distinctive

in this power range. To quantitatively evaluate this difference and lend credence

to the claimed advantages, RMS line currents and efficiency curves for the two

topologies in this power range are calculated. The analysis has been performed

for a 500 V/ 250 V converter for three different power ratings i.e. 50 kW, 25 kW

and 10 kW considering that both topologies employ the same components. The

analytical expression given by (3.55) is used to calculate the leakage inductance Ls

and the required phase-shift ϕ to achieve particular power level for conventional

3p-DAB.

Po =
nVinVo
ωLs

ϕ(
2

3
− ϕ

2π
) (3.55)

For the conventional 3p-DAB topology, the value of transformer leakage in-

ductances Ls are calculated as Ls,50kW = 21 µH, Ls,25kW = 41.6 µH , Ls,10kW = 102

µH whereas the passive component values of 3p-RIN for the proposed topology

are calculated as L1A,50kW = 190 µH, L2A,50kW = 232 µH, C1A,50kW = 231 nF and

C2A,50kW = 435 nF , L1A,25kW = 381µH, L2A,25kW = 466 µH, C1A,25kW =115 nF

and C2A,25kW = 213 nF, L1A,10kW = 952 µH, L2A,10kW=1.16 mH, C1A,10kW = 46.2

nF and C2A,10kW = 85 nF.

For the above stated three different power levels, the simulated RMS line
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currents measured from the secondary side of the transformer and the calculated

efficiencies are plotted in Fig. 3.26-Fig. 3.28.

(a) (b)

Figure 3.26: For 10 kW rated output power (a) RMS line current comparison (b)
Calculated efficiency comparison.

(a) (b)

Figure 3.27: For 25 kW rated output power (a) RMS line current comparison (b)
Calculated efficiency comparison.

It can be observed that as the power ratings and current level goes up from
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(a) (b)

Figure 3.28: For 50 kW rated output power (a) RMS line current comparison (b)
Calculated efficiency comparison.

10 kW to 50 kW, the difference in RMS line currents and the efficiency becomes

more distinctive. Therefore, due to lower RMS line currents achieved by unity

power factor operation, the proposed topology can be safely recommended for

high power applications.

3.6 Conclusion

In this chapeter, a 3p-RIN has been proposed that supports both unity power

factor operation and full range ZVS operation with the same hardware design.

Due to its immittance characteristics, the unity power factor operation is achieved

by operating the converter in in-phase mode between the primary and secondary

side voltages whereas for achieving full range ZVS operation, the converter is

operated in lagging phase relationship between the primary and secondary side

voltages causing the primary side line currents to lag the primary side phase volt-

ages. For unity power factor operation, the power flow through the converter is

controlled by modulating the internal phase-shift angle, whereas for ZVS opera-
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tion, the power flow is controlled by modulating the internal and external phase

shift angles such that soft switching is achieved albeit with minimum circulating

current. The detailed evaluation of the proposed converter is carried out using

the fundamental component analysis method. The theoretical analysis has been

verified on a laboratory prototype of 400 V/220 V, 2 kW operated at both unity

power factor and full ZVS modes of operation. It has been concluded that for

the proposed specifications of the converter, unity power factor operation out-

performs the full ZVS operation as the conduction loss dominates in the overall

losses in the converter.
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Chapter 4

A Three-Phase

Dual-Active-Bridge DC-DC

Converter with Reconfigurable

Resonant Network for Efficient

Wide Voltage Range Operation

4.1 Introduction

Through the course of previous chapter, a 3p-DAB resonant immittance (3p-

DAB-RI) converter was proposed with two modes of operation (i.e., unity-power-

factor and full-range ZVS operation) to lower the conduction loss and switching

loss respectively. However, since the duty-cycle modulation was proposed to con-

trol output power for both modes of operation, 3p-DAB-RI converter suffers from

increased circulating current and high conduction loss under light-load conditions

when the duty cycle of port voltages is small. This bottleneck deteriorates the
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efficiency performance for light-load conditions. With this backdrop, this chap-

ter extends the previous discussion and proposes a 3p-DAB reconfigurable reso-

nant (3p-DAB-RR) converter that can transform between 3p-DAB-RI converter

and 3p-DAB series resonant (3p-DAB-SR) converter to offer additional degree-of-

freedom in shaping the efficiency performance of 3p-DAB converter and enhance

its light-load efficiency.

Recall 3p-DAB-RI converter suffers from high circulating current under light-

load conditions (i.e. when the duty cycles of port voltages are small), thus deteri-

orating power conversion efficiency under light-load conditions. On the contrary,

a 3p-DAB-SR converter performs well at light-load conditions when phase-shift is

small. However, as phase-shift increases and under wide range variation in termi-

nal voltage, it suffers from high circulating current and hard switching. Therefore,

unifying these two configurations into a single converter (i.e., 3p-DAB-RR con-

verter) and selecting its configuration in accordance with operating conditions

(i.e. 3p-DAB-SR converter for low-medium power levels and 3p-DAB-RI con-

verter for medium-high power levels) is anticipated to achieve low RMS port

current over wide output power range, and hence reduced conduction loss and

higher wide range efficiency. The detailed discussions on the synthesis, analy-

sis and modeling of the proposed 3p-DAB-RR converter are carried out in the

subsequent sections of this chapter.

4.2 Design and Analysis of Three-Phase Recon-

figurable Resonant Network (3p-RRN)

In this section, the design and analysis of three-phase reconfigurable resonant

network (3p-RRN) is presented that is considered as the core part of 3p-DAB-RR

converter. The proposed 3p-RRN has been derived from the networks presented
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in [140, 150]. The proposed 3p-RRN, as shown in Fig. 4.1(a), comprises branch

admittances YA, YB and switches SN1, SN2, and SN3. The values of passive

elements L1, L2, C1, and C2 are selected such that the branch admittance YA

comprising passive elements L1, C1 always operates below resonant frequency

ωA and the branch admittance YB comprising passive elements L2, C2 always

operates above resonant frequency ωB. This implies that the branch admittance

YA is capacitive and the branch admittance YB is inductive. Regarding the

labeling of the network terminals shown in Fig. 4.1, the following conventions are

adopted: terminals 1, 2, and 3 represent the input ports of the network, whereas

terminals 4, 5, and 6 represent the output ports of the network. Furthermore,

subscripts 1x (where x = A, B, and C) are used to denote the parameters (i.e.

line currents and phase voltages) at the input ports of the network, whereas the

subscripts 2x (where x = A, B, and C) are used to denote the parameters (i.e.

line currents and phase voltages) at the output ports of the network.

Figure 4.1: (a) Proposed 3p-RRN; (b) 3p-RIN; (c) 3p-SRN.
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When switches SN1, SN2, and SN3 are turned on, the network transforms to

a 3p-RIN as shown in Fig. 4.1(b), and when they are turned off, the branch ad-

mittance YA is isolated from the network leaving behind the branch admittance

YB only. Subsequently, phase transposition is applied at the output ports of the

network (i.e. output phase voltages V2A, V2B, and V2C are phase shifted by

120◦) such that the corresponding phase voltages are interfaced via an LC net-

work as shown in Fig. 4.1(c), transforming a 3p-RIN to a 3p-SRN. It should be

noted that for 3p-RIN (cf. Fig. 4.1(b)), terminal 4 of the network is connected to

output phase A, terminal 5 to output phase B, and terminal 6 to output phase

C. However for 3p-SRN, since phase transposition is applied at the output ports

of the network, output phase A at terminal 4 is effectively transposed to output

phase C, output phase B at terminal 5 to output phase A, and output phase C

at terminal 6 to output phase B (cf. Fig. 4.1(c)). Detailed mathematical analy-

sis for each of the two resonant networks is presented in the following subsections.

Mathematical Analysis of 3p-RIN

For the 3p-RIN shown in Fig. 4.1(b) to operate as an immittance network,

the branch admittances YA and YB have to be equal in magnitude and opposite

in phase i.e. YA = Y 90◦ and YB = Y −90◦, thus allowing the branch admit-

tances YA and YB to cancel each other and resonate at the switching frequency.

This network is excited by the three-phase input and output voltages in an in-

terlacing manner such that upon satisfaction of the immittance condition, each

input line current is a function of two output phase voltages and each output line

current is a function of two input phase voltages as given (4.1). The derivation
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of these expressions can be found in [150].

I1A(RI) = YA(V2C −V2B)

I1B(RI) = YA(V2A −V2C)

I1C(RI) = YA(V2B −V2A)

I2A(RI) = YA(V1C −V1B)

I2B(RI) = YA(V1A −V1C)

I2C(RI) = YA(V1B −V1A). (4.1)

Considering that the network and the phase voltages are balanced i.e. |V1A|=

|V1B|=|V1C|=V1 and |V2A|=|V2B|=|V2C|=V2, the phase voltages at the input

and output ports of the 3p-RIN can be written in phasor form as V1A=V1 0◦,

V1B=V1 120◦, V1C=V1 −120◦, V2A=V2 0◦ + β, V2B=V2 120◦ + β, V2C=

V2 −120◦ + β where β is the phase-shift between the input and output voltages

of the same phase, e.g. v1A(t) and v2A(t). Assuming YA is overall capacitive, YA

can be expressed in phasor form as YA = Y 90◦ where Y is the magnitude of the

branch admittances YA and YB at the switching frequency. By simplification of

(4.1) taking into consideration the above assumptions, the following expressions

are obtained that depict the phasor relationship between phase voltages and line
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currents at the input and output ports of the 3p-RIN.

I1A(RI) = (
√
3 Y V2) ̸ 0

◦ + β =
√
3 YV2A

I1B(RI) = (
√
3 Y V2)̸ 120◦ + β =

√
3 YV2B

I1C(RI) = (
√
3 Y V2) ̸ −120◦ + β =

√
3 YV2C

I2A(RI) = (
√
3 Y V1) ̸ 0

◦ =
√
3 YV1A

I2B(RI) = (
√
3 Y V1) ̸ 120

◦ =
√
3 YV1B

I2C(RI) = (
√
3 Y V1) ̸ −120◦ =

√
3 YV1C (4.2)

where |I1A(RI)| = |I1B(RI)| = |I1C(RI)| = (
√
3 Y V2) and |I2A(RI)| = |I2B(RI)| =

|I2C(RI)| = (
√
3 Y V1). From the above expressions, it can be observed that the line

current at an input port is a function of (and in-phase with) the phase voltage at

the corresponding output port of the 3p-RIN, e.g. i1A(t) = f(v2A(t)). Similarly,

the line current at an output port is a function of (and in-phase with) the phase

voltage at the corresponding input port of the 3p-RIN, e.g. i2A(t) = f(v1A(t)).

In concurrence to this, the phase-shift angle β can be used to achieve the desired

power factor at the input and output ports of the 3p-RIN. For β = 0, all phase

voltages at the input and output ports will be in phase with their respective line

currents resulting in unity power factor operation. For β > 0, the phase voltages

at the input and output ports will have a phase displacement of β with their

respective line currents resulting in lagging power factor at the input port and

leading power factor at the output port.

Mathematical Analysis of 3p-SRN

When switches SN1, SN2, SN3 are turned off and phase transposition is applied

at the output ports of the 3p-RRN, the resonant network is transformed into
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a 3p-SRN as shown in Fig. 4.2(c). The line currents for this resonant network

configuration are given by the following expressions:

I1A(SR) = YB(V1A −V2A)

I1B(SR) = YB(V1B −V2B)

I1C(SR) = YB(V1C −V2C). (4.3)

As the branch admittance YB is overall inductive i.e. YB = Y −90◦, the phasor

relationship between line currents and phase voltages of 3p-SRN are given by

(4.4).

I1A(SR) = I1(SR) ̸ 0
◦ + θ

I1B(SR) = I1(SR) ̸ 120
◦ + θ

I1C(SR) = I1(SR) ̸ −120◦ + θ (4.4)

where I1(SR) =
√
Y 2((−V2 sin(β))2 + (V2 cos(β)− V1)2) and θ = tan−1(V1−V2 cos(β)

V2 sin(β)
).

By comparing the expressions for the line currents of 3p-RIN and 3p-SRN given

by (4.2) and (4.4), it is interesting to note that for 3p-RIN, the phase angles of

the input and output line currents are insensitive to variations in the input and

output phase voltages. This intrinsic attribute of 3p-RIN provides a mechanism

to independently control the phase angles of the input and output line currents

irrespective of variations in the input and output phase voltages. However, for

3p-SRN, the phase angles of the input and output line currents are functions of

the input and output phase voltages and can be determined using (4.4).

Phasor Diagram Representations of Two Network Configurations

The phasor diagrams corresponding to (4.2) for 3p-RIN are shown in Fig. 4.2a,
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Figure 4.2: (a) Phasor diagrams for 3p-RIN with β = 0◦; (b) Phasor diagrams
for 3p-SRN with unity voltage conversion ratio.

and the phasor diagrams corresponding to (4.4) for 3p-SRN are depicted in

Fig. 4.2b. The phasor diagrams for 3p-RIN are considered for the case when

β = 0◦. Under this condition, the phase voltages and line currents at the in-

put and output ports are in phase resulting in unity power factor at both input

and output ports of 3p-RIN. This mode of operation is utilized to achieve unity

power factor in 3p-DAB-RI converter and results in significantly reduced rms

line currents and zero reactive power loss. The phasor diagrams for 3p-SRN are

considered for the case when the phase-shift angle β > 0◦ and the voltage con-

version ratio is unity i.e. V1 = V2. For this particular case, the phase angle θ of

the line current is given by θ = β
2
. This causes the line current to lag the input

phase voltage and lead the output phase voltage by θ as shown in Fig. 4.2b. It

also results in full-range ZVS operation of 3p-DAB-SR converter. In the case of

non-unity voltage conversion ratio, the ZVS region of 3p-DAB-SR converter will

be restricted and can be computed using (4.4) where the phase angle θ of the line

current must lie within the range 0◦ ≤ θ ≤ β in order to realize ZVS commutation
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for all switches.

4.3 Proposed 3p-DAB Reconfigurable Resonant

(3p-DAB-RR) Converter

The proposed 3p-DAB-RR converter as shown in Fig. 4.3 comprises 3p-full

bridge in the primary side and 3p-half bridge in the secondary side connected

by three single-phase open delta-wye configured transformers and a 3p-RRN.

Depending upon the state of switches SN1, SN2, and SN3 in the 3p-RRN, the pro-

posed converter can be operated as either a 3p-DAB-RI converter or a 3p-DAB-

SR converter. The proposed converter offer two degrees of freedom i.e. internal

phase-shift angle α and external phase-shift angle β for modulating output power.

Duty cycle modulation is used to control 3p-DAB-RI converter [48] where internal

phase-shift angle α is utilized to modulate the duty cycle of primary bridge volt-

ages and hence control the output power of 3p-DAB-RI converter, whereas SPS

modulation is used to control 3p-DAB-SR converter where external phase-shift

angle β between the primary and secondary bridge voltages is used to modulate

the output power of 3p-DAB-SR converter [130]. The operating waveforms for

Figure 4.3: Proposed 3p-DAB-RR converter.
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Figure 4.4: Operating waveforms of the proposed converter for (a) 3p-DAB-RI
converter considering unity power factor operation i.e. β = 0◦; (b) 3p-DAB-SR
converter controlled with SPS modulation considering unity voltage conversion
ratio i.e. V1A = V2A.

both operation modes are shown in Fig. 4.4. A detailed modeling and analysis of

the proposed converter is presented in the following sections.

4.4 Modeling and Analysis

4.4.1 Assumptions

The following assumptions are made to simplify the mathematical analysis of

the proposed 3p-DAB converter while highlighting its key features:

1. The branch admittances YA and YB are identical.

2. The leakage inductances of transformers are assumed to be small and are
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ignored in the analysis.

3. All passive components and switches are assumed to be ideal.

4. The input dc bus voltage Vin is assumed to be constant, while the output

dc bus voltage Vo is assumed to vary over a wide range.

5. Both 3p-DAB-RI converter and 3p-DAB-SR converter have the same max-

imum output power.

4.4.2 Power Flow Analysis for 3p-DAB-RI converter

When switches SN1, SN2, and SN3 in the 3p-RRN are turned on, the proposed

converter transforms to a 3p-DAB-RI converter. To perform power flow analysis,

all the primary side parameters are reflected to the secondary side of the trans-

formers to simplify the analysis. By means of fundamental component analysis,

the input and output phase voltages of the 3p-RIN can be expressed by:

v1γ(t) =
4Vin cos(α)

nπ
sin

(
ωt+ f(γ)

2π

3

)
v2γ(t) =

2Vo
π

sin

(
ωt+ f(γ)

2π

3

)
(4.5)

where f(γ) = (0,+1,−1) when γ = (A, B, C) and n = Np

Ns
is the transformer’s

turn ratio. It is important to mention that the above expressions represent the

input phase voltages of the 3p-RIN with respect to the transformer’s star point,

whereas the output phase voltages are referred to the output dc bus midpoint.

To determine the expressions for the line currents of 3p-DAB-RI converter, (4.5)

can be substituted into the time-domain expressions of (4.2) to yield the time

functions of the line currents. For example, the input and output line currents of
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3p-RIN for phase A are given by following:

i1A(RI)(t) =
2
√
3 VoYRI

π
sin(ωt+ β)

i2A(RI)(t) =
4
√
3 VinYRI
nπ

cos(α) sin(ωt) (4.6)

where YRI is the magnitude of branch admittances YA and YB for 3p-DAB-RI

converter operated with switching frequency fS(RI). The average output power

Po(RI) can be obtained from (4.5) and (4.6) for a single phase and multiplying the

resulting expression by three.

Po(RI) =
3

2π

∫ 2π

0

v2A(t)i2A(RI)(t) dt

=
12
√
3VoVinYRI

nπ2
cos(α) cos(β). (4.7)

Since only unity power factor operation is considered for 3p-DAB-RI converter

where internal phase-shift angle α is controlled to modulate output power, β is

set to 0◦ to yield the output power expression for 3p-DAB-RI converter as given

by (4.8).

Po(RI) =
12
√
3VoVinYRI

nπ2
cos(α). (4.8)

The expression for output current Io(RI) can be obtained by dividing (4.8) with

output terminal voltage Vo yielding (4.9).

Io(RI) =
12
√
3VinYRI

nπ2
cos(α). (4.9)

4.4.3 Power Flow Analysis for 3p-DAB-SR converter

When switches SN1, SN2, and SN3 in the 3p-RRN are turned off, the proposed

converter transforms to a 3p-DAB-SR converter. This operation isolates the
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Figure 4.5: (a) Voltage across branch YA and switch SN1 for 3p-DAB-SR con-
verter configuration; (b) Voltage waveforms across capacitor C1 and switch SN1

for 3p-DAB-SR converter configuration.

capacitive branches YA from the network and utilizes the inductive branches YB

only. Referring to Fig. 4.5b, when SN1 (the same argument applies to SN2 and

SN3) is turned off, the capacitor C1 of the capacitive branch YA is charged to

the maximum voltage (Vin
n
+Vo

2
) by the voltage difference v1A−v2C. As a result,

the voltage seen by SN1, i.e. v1A−v2C−vcap16 will vary between 0 and −2(Vin
n
+Vo

2
)

which will always keep the body diode of SN1 in a reverse biased state. Therefore,

the capacitive branch YA can be fully isolated by using a two-quadrant switch

when the converter operates as 3p-DAB-SR converter. Furthermore, to operate

the proposed converter as a 3p-DAB-SR converter, phase transposition must be

applied at the output ports of the 3p-SRN i.e. output phase voltages are to be

phase-shifted by 120◦ so that the phase voltages at the input and output ports
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of the 3p-SRN correspond with each other. To obtain the expressions for the line

currents of 3p-DAB-SR converter, (4.5) can be substituted in the time-domain

expressions of (4.3) to yield the time functions of the line currents. For example,

the input and output line currents of 3p-SRN for phase A can be represented by

(4.10).

i1A(SR)(t) = i2A(SR)(t)

=
(2Von cos(β) cos(ωt)− 4Vin cos(α) cos(ωt) + 2Von sin(β) sin(ωt))Y

nπ
.

(4.10)

Similar to 3p-DAB-RI converter, the average output power Po(SR) can be obtained

from (4.5) and (4.10) for a single phase and multiplying the resulting expression

by three.

Po(SR) =
3

2π

∫ 2π

0

v1A(t)i1A(SR)(t) dt

=
12VoVinY(SR)

nπ2
cos(α) sin(β). (4.11)

Since only SPS operation is considered for 3p-DAB-SR converter where external

phase-shift angle β is controlled to modulate output power, α is set to 0◦ in

the above equation to yield the output power for an SPS-controlled 3p-DAB-SR

converter given by (4.12).

Po(SR) =
12VoVinY(SR)

nπ2
sin(β). (4.12)

The expression for output current Io(SR) can be obtained by dividing (4.12) with

output terminal voltage Vo yielding (4.13).

Io(SR) =
12VinY(SR)

nπ2
sin(β). (4.13)
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Design Procedure and Selection of Component Values

For 3p-DAB-RI converter, the resonant frequency at which branch admit-

tances YA(RI) and YB(RI) resonate with each other can be found by solving

|YA(RI)| = |YB(RI)| which gives (4.14).

ωR = 2πfS(RI) =

√
(C1 + C2)

C1C2(L1 + L2)
. (4.14)

Subsequently, at resonant frequency ωR, the magnitude YRI of the branch admit-

tances YA(RI) and YB(RI) can be found by calculating the equivalent admittance

of L1, C1 constituting YA(RI) and L2, C2 constituting YB(RI) which gives (4.15).

|YA(RI)| = Y(RI)

=
∣∣∣ ωRC1

ωRL1

(
ωRC1 −

1

ωRL1

)
∣∣∣ (capacitive)

|YB(RI)| = Y(RI)

=
∣∣∣ ωRC2

ωRL2

(
ωRC2 −

1

ωRL2

)
∣∣∣ (inductive). (4.15)

Note that the angular series-resonant frequencies ωA and ωB of branch admit-

tances YA(RI) and YB(RI) are given by

ωA =
1√
L1C1

ωB =
1√
L2C2

(4.16)

The relationship between the resonant frequencies ωA, ωB, ωR and the magnitude

YRI of branch admittances YA(RI) and YB(RI) can be determined by substituting

83



4. A Three-Phase Dual-Active-Bridge DC-DC Converter with Reconfigurable Resonant Network for
Efficient Wide Voltage Range Operation

the expressions for L1 and L2 from (4.16) into (4.15) and the results are given by

|YA(RI)| = Y(RI)

=
ωRC1

1−
(ωR

ωA

)2 ∋ ωA > ωR (capacitive)

|YB(RI)| = Y(RI)

=
ωRC2(ωR

ωB

)2
− 1

∋ ωB < ωR (inductive). (4.17)

The ratios ωR

ωA
and ωR

ωB
in the denominator of expression (4.17) determine the volt-

age stresses across the passive components, line current waveforms and the size of

passive components in the 3p-RIN. To achieve near-sinusoidal line current wave-

forms and minimum component stresses, the angular series resonant frequencies

are selected as below:

ωA = 1.2ωR, ωB = 0.8ωR (4.18)

For a given power rating, terminal voltages and switching frequency, the values

of passive components L1, L2, C1, and C2 can be obtained by using expressions

(4.15)-(4.18).

Switching Frequencies for Both Configurations

Once the values of the passive components L1, L2, C1, and C2 have been deter-

mined, it can be observed upon comparing (4.8) and (4.12) that a 3p-DAB-RI

converter can transfer a maximum power which is
√
3 times higher than that

of a 3p-DAB-SR converter with the same passive component values L1, L2, C1,

and C2. Furthermore, by comparing (4.8) and (4.12), it can also be found that

in order to achieve the same maximum output power for both configurations,

the magnitude of the branch admittances of 3p-DAB-RI converter should be
√
3
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times smaller than those of 3p-DAB-SR converter, or mathematically

Y(SR) =
√
3Y(RI) (4.19)

Hence, for a given value of switching frequency fs for 3p-DAB-RI converter, the

corresponding switching frequency fs(SR) for 3p-DAB-SR converter can be found

from (4.20).

fS(SR) =

√
3(
√
f 2
s (16π

4C2
2L

2
2f

2
s + 40π2C2L2) + 1 + 4π2C2L2f

2
s − 1)

24π2C2L2fs
(4.20)

Substituting the expression for L2C2 from (4.16) into (4.20) yields the switching

frequency fs(SR) for 3p-DAB-SR converter in terms of the resonant frequency ωR

and the series resonant frequency ωB of the branch admittance YB as

fs(SR) = λfs(RI)

where λ =

√
3
(√√√√(ωR

ωB

)4
+ 10

(ωR

ωB

)2
+ 1 +

(ωR

ωB

)2
− 1
)

6
(ωR

ωB

)2 (4.21)

By substituting the value of
(ωR

ωB

)
specified in (4.18) into (4.21), λ is found to

have a value of 0.91, i.e.

fs(SR) = 0.91fs(RI) (4.22)

The relationship given by (4.22) holds true for any specification of the proposed

converter as long as the values of the passive elements L2 and C2 are selected in

compliance with (4.18).
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4.5 Prototype Design and the Experimental Re-

sults

To validate the effectiveness and benchmark the performance of the proposed

converter, a laboratory prototype was designed and built following the design

procedure mentioned in Section. 4.4. The specifications and components used

for the laboratory prototype are listed in Table I. The prototype was extensively

tested for both configurations under wide range variations in voltage conversion

ratio and output power. In the following discussions, the voltage conversion ratio

of the proposed converter is defined as follows:

G =
V2A
V1A

=
nVo
2Vin

(4.23)

According to (4.23), voltage conversion ratio G varies when the terminal voltages

Vin and/or Vo of the converter varies. Since it has been assumed that Vin is well

regulated, the following discussion considers variation in G due to variation in Vo

Table 4.1: Design specifications for 3p-DAB-RR converter prototype.

Input Voltage Vin 300 V

Nominal Output Voltage Vo 150 V

Output Voltage Range 0-225 V

Rated Output Power Po 1.5 kW

L1, L2, C1, C2 (285.3 µH, 332.6 µH, 153.4 nF, 306.3 nF)

fS(3p−DAB−RIconverter) 20 kHz

fS(3p−DAB−SRconverter) 18.2 kHz

Transformer’s Turn Ratio n 4

MOSFETs UJC06505K (650 V, 36.5 A, 45 mΩ)

Transformers core shape and material 3 X N87 Ferrite (E-70 Core)

Inductors core shape and material 6 X N87 Ferrite (E-70 Core)

Controller Texas Instruments TMS320F28337D
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only. Therefore, the terms Vo and G are used interchangeably in the following

discussions. Vo is considered to be varying in the range 0−225 V and has a

nominal value of 150 V. Over this output voltage range, G will vary in the range

0−1.5. Furthermore, by normalizing output power by the rated output power,

the maximum normalized output power corresponding to G = 1.5 is 1.5. Hence,

for a given voltage conversion ratio G, the normalized output power Po,p.u. can

vary in the range of 0 to G.

The subsequent discussion compares the performance of both configurations

in terms of rms line currents, soft switching operation and power conversion

efficiencies obtained from both loss model and experimental measurements.

4.5.1 Comparison of Input Line Currents I1A,rms

The expressions for the rms input line currents I1A,rms for both configurations

are given below:

I1A,rms(RI) =

√
1

2π

∫ 2π

0

[i1A(RI)(t)]2dωt

=

√
6 VoYRI

π
(4.24)

I1A,rms(SR) =

√
1

2π

∫ 2π

0

[i1A(SR)(t)]2dωt

=
(
√

2V 2
o n

2 − 8VinVon cos(β) + 8V 2
in)YSR

nπ
. (4.25)

Figs. 4.6a-c plots the input line currents I1A,rms(RI) and I1A,rms(SR) versus normal-

ized output power Po,p.u for G = 0.5, 1.0, and 1.5 respectively. The curves in

Figs. 4.6a-c are plotted by using expressions (4.8), (4.12), (4.24) and (4.25). To

keep all figures consistent, red solid lines are used to plot the curves for 3p-DAB-

RI converter, whereas blue dashed lines are used to plot the curves for 3p-DAB-SR

converter. As illustrated by Figs. 4.6a-c, for a particular value of Vo, I1A,rms(RI)
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Figure 4.6: Comparison of input line current I1A,rms between 3p-DAB-RI con-
verter and 3p-DAB-SR converter for (a) G = 0.5; (b) G = 1; (c) G = 1.5.

remains constant for the entire output power range and increases with increasing

Vo, while I1A,rms(SR) varies with both G and Po,p.u. It can be observed that for G =

0.5 (cf. Fig. 4.6a), I1A,rms(RI) is always smaller than I1A,rms(SR). However, for the

two other cases when G > 0.5 (cf. Figs. 4.6b-c), I1A,rms(RI) is significantly greater

than I1A,rms(SR) at low power levels implying that 3p-DAB-RI converter suffers

from higher circulating current in the primary bridge due to duty cycle modu-

lation of the input phase voltages i.e. due to circulating current flow during the

zero voltage level of the input phase voltage. The two curves intersect with each

other at high power levels where I1A,rms(RI) becomes smaller than I1A,rms(SR). The

intersection between the two curves at high power levels occurs as a result of the

increase in the external phase-shift angle β of 3p-DAB-SR converter which leads

to increased reactive power loss. It can, therefore, be concluded from Figs. 4.6a-c

that 3p-DAB-RI converter suffers from the drawback of high circulating current

at low to medium power levels, whereas 3p-DAB-SR converter suffers from more

severe reactive power loss at high power levels. Therefore, employing 3p-DAB-

SR converter for low to medium power levels and 3p-DAB-RI converter for high

power levels can help to improve the overall power conversion efficiency for a wide

range of output voltage and power levels.
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4.5.2 Comparison of Output Line Currents I2A,rms

The expressions for the rms output line currents I2A,rms for both configurations

are given below:

I2A,rms(RI) =

√
1

2π

∫ 2π

0

[i2A(RI)(t)]2dωt

=
2
√
6 VinYRI cos(α)

nπ
(4.26)

I2A,rms(SR) =

√
1

2π

∫ 2π

0

[i2A(SR)(t)]2dωt

=
(
√

2V 2
o n

2 − 8VinVon cos(β) + 8V 2
in)YSR

nπ
. (4.27)

Figs. 4.7a-c plots the output line currents I2A,rms(RI) and I2A,rms(SR) versus normal-

ized output power Po,p.u. for G = 0.5, 1.0, and 1.5 respectively using expressions

(4.8), (4.12), (4.26) and (4.27). It is clear from Figs. 4.7a-c that I2A,rms(RI) is

always smaller than I2A,rms(SR) for all the three cases due to unity power factor

operation of 3p-DAB-RI converter. Moreover, as the output phase voltages of

3p-DAB-RI converter are not modulated, the secondary bridge of 3p-DAB-RI

converter does not suffer from circulating current or reactive power loss which

Figure 4.7: Comparison of output line current I2,rms between 3p-DAB-RI con-
verter and 3p-DAB-SR converter for (a) G = 0.5; (b) G = 1; (c) G = 1.5.

89



4. A Three-Phase Dual-Active-Bridge DC-DC Converter with Reconfigurable Resonant Network for
Efficient Wide Voltage Range Operation

explains the reason for lower I2A,rms(RI) compared to I2A,rms(SR). The difference

between the output line currents for the two configurations becomes more distinc-

tive at higher power levels when the external phase-shift angle β of 3p-DAB-SR

converter increases accompanied by an increase in reactive power loss. Moreover,

as I2A,rms(RI) is independent of Vo, I2A,rms(RI) remains the same for all three cases.

For 3p-DAB-SR converter, I2A,rms(SR) is the same as I1A,rms(SR) for all the three

cases (cf. Figs. 4.6a-c) since I1A,rms(SR) = I2A,rms(SR) in a series resonant network.

Upon comparison of the line currents for both configurations under varying

output power and voltage levels (cf. Figs. 4.6, Figs. 4.7 ), it is clear that I2A,rms(RI)

is always smaller than I2A,rms(SR). However, the input line current I1A,rms for both

configurations intersect with each other at a particular output power level that

is a function of Vo. The intersection point where the input line currents for

both configurations cross each other can serve as a parameter to determine the

preferred network configuration. By comparing the input line currents I1A,rms

for the entire output power range for a particular value of Vo, determining the

intersection point and then repeating the same procedure for the entire output

voltage range, boundary can be drawn to obtain the regions where the input line

current for one configuration is smaller than the input line current for the other

configuration, as shown in Fig. 4.8a. It can be seen from Fig. 4.8a that for any

particular value of G, I1A,rms(SR) is greater than I1A,rms(RI) for higher power levels,

whereas for operation below G ≤ 0.5, I1A,rms(RI) is always smaller than I1A,rms(SR).

4.5.3 Comparison of Soft-Switching Range

As it has been well established in the literature that for 3p-DAB converter,

the switches in the primary bridge will undergo soft commutation when the input

line current i1A(t) lags the primary bridge phase voltage v1A(t), and the switches

in the secondary bridge will experience soft commutation when the output line
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current i2A(t) leads the secondary bridge phase voltage v2A(t) [64]. It has been

demonstrated in [150,151] that 3p-DAB-RI converter can achieve full-range ZVS

operation irrespective of voltage conversion ratio when both internal and external

phase-shift angles are used to modulate output power according to α=β . How-

ever, when external phase-shift angle β is kept 0◦ and internal phase-shift angle

α is used to modulate output power and achieve unity power factor operation,

the switches in the lagging leg of each phase in the primary bridge will undergo

hard commutation.

For the case of 3p-DAB-SR converter, it can perform full-range ZVS operation

only for unity voltage conversion ratio in which case the desired condition θ = β
2

always holds. However, for non-unity voltage conversion ratio, the ZVS range of

3p-DAB-SR converter becomes restricted, and depending on the degree of varia-

tion in voltage conversion ratio, its ZVS region can shrink significantly as shown

in Fig. 4.8b.

Figure 4.8: (a) Regions highlighting lower input line current I1A,rms values among
the 3p-DAB-RI converter and 3p-DAB-SR converter for the entire output voltage
and power range. (b) Regions showing hard-switching and soft-switching range
for 3p-DAB-SR converter for entire output voltage and power range.
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4.5.4 Power Loss Model

To gain a better insight about the performance and power loss breakdown for

both configurations over wide output voltage and output power range, the power

loss model developed in [152] was adapted to calculate the power losses for both

configurations over the entire output voltage range. In this way, the boundary for

switching between two configurations can be identified on the basis of minimum

power loss. The said power loss model includes conduction loss PCond in passive

elements and switches, switching loss PSw arising from hard switching and core

loss PCore in magnetics as illustrated by (4.28).

PL = PCond + PSw + PCore. (4.28)

The power loss breakdown for both configurations for G= 0.5, 1.0, and 1.5 are

shown in Figs. 4.9a-f.

It is clear from Figs. 4.9a-f. that, for both configurations, conduction loss

has the dominant contribution in the overall power loss under all output voltage

and output power levels. As 3p-DAB-RI converter has lower output line current

I2A,rms for the entire output voltage range as compared to 3p-DAB-SR converter,

the contribution of output line current I2A,rms to the total conduction loss will

have a larger impact on 3p-DAB-SR converter as compared to 3p-DAB-RI con-

verter. However, the input line currents I1A,rms for both configurations intersect

with each other and its impact on the conduction loss in both configurations

depends on both voltage conversion ratio and output power level. Figs. 4.10a-c

illustrates a comparison between the conduction loss of both configurations versus

normalized output power Po,p.u. for G = 0.5, 1.0, and 1.5. From Fig. 4.10a, it is

clear that for G = 0.5, the conduction loss in 3p-DAB-SR converter is higher as

compared to 3p-DAB-RI converter for the entire output power range, attributed

mainly to the higher I1A,rms(SR). From Figs. 4.10b-c, it can be seen that for
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Figure 4.9: Power loss breakdown for 3p-DAB-RI converter considering (a) G
= 0.5; (b) G = 1; (c) G = 1.5; Power loss breakdown for 3p-DAB-SR converter
considering (d) G = 0.5; (e) G = 1; (f) G = 1.5.

G > 0.5, the conduction loss in 3p-DAB-RI converter dominates at lower power

levels while it becomes dominant at higher power levels in 3p-DAB-SR converter.

For a particular value of Vo, (4.28) can be applied to calculate the total power

loss for both configurations over the entire output power range and the inter-

section point where the two power loss curves intersect with each other can be

subsequently determined. By repeating the same procedure for the entire output

voltage range, the boundary defining the region with a lower power loss can be ob-

tained. Fig. 4.10d-e demonstrates the region characterized by a lower conduction

loss and lower total power loss below the calculated boundary. The regions plot-

ted in Fig. 4.10d-e are in compliance with the findings obtained from comparison

of input and output line currents for both configurations i.e. (for high power levels

and G ≤ 0.5, 3p-DAB-RI converter outperforms 3p-DAB-SR converter, whereas
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Figure 4.10: Compariosn of conduction loss PCond between the 3p-DAB-RI con-
verter and 3p-DAB-SR converter for (a) G = 0.5; (b) G = 1; (c) G = 1.5; (d) Re-
gions highlighting lower conduction loss PCond among the 3p-DAB-RI converter
and 3p-DAB-SR converter for the entire output voltage and power range; (e) Re-
gions highlighting lower total power loss PL among the 3p-DAB-RI converter and
3p-DAB-SR converter for the entire output voltage and power range.

for low to medium power levels and G > 0.5, 3p-DAB-SR converter leads to a

lower power loss). Furthermore, by comparing Figs. 4.10d-e with Fig. 4.8a, it can

be observed that the boundaries defining the regions of lower input line currents

I1A,rms, lower conduction loss PCond and lower total power loss PL exhibit similar

trends. Therefore, it can be safely concluded that input line currents I1A,rms play

a distinctive role in the efficiency performance of both configurations. Hence,

the proposed converter should primarily operate as 3p-DAB-SR converter at low

to medium output power levels and switch to 3p-DAB-RI converter to achieve a

higher efficiency at higher power levels.
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4.5.5 Experimental Results

To verify the theoretical analysis presented above, experimental results are

collected from a laboratory prototype, as shown in Fig. 4.11, built with the spec-

ifications given in Table I. Figs. 4.12a-f depicts the experimental waveforms of a

3p-DAB-SR converter for three different output power levels (i.e. 100%, 80% and

60% of the rated power ) for G = 1. For 3p-DAB-SR converter, external phase-

shift angle β is used as the control variable to modulate output power while in-

ternal phase-shift angle α is kept at 0◦. It can be observed from Figs. 4.12a-f that

as β is increased to achieve a higher output power level, the phase displacement

between line current and phase voltage increases leading to a higher line current

and hence a higher conduction loss. Moreover, it can be seen that all switches in

the primary and secondary bridges are soft switched for G = 1. Figs. 4.13a-f

depicts the experimental waveforms of 3p-DAB-RI converter for the same three

output power levels as Figs. 4.12a-f. For this configuration, internal phase-shift

angle α is used as the control variable while the external phase-shift angle β is

kept at 0◦. Modulation of α effectively modulates the duty cycle of the input

phase voltages which in turn modulates output power. It can be observed from

Figs. 4.13a-f that 3p-DAB-RI converter maintains unity power factor at the input

and output ports of 3p-RIN. However, due to the existence of zero voltage level in

Figure 4.11: Laboratory prototype of proposed resonant-type 3p-DAB converter.
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Figure 4.12: Experimental waveforms for 3p-DAB-SR converter considering Vin
= 300 V, Vo = 150 V and G = 1: (a)−(b) at rated power ; (c)−(d) at 80%-rated
power; (e)−(f)at 60%-rated power.

the input phase voltages, the primary bridge of 3p-DAB-RI converter suffers from

non-zero circulating current, whereas since the secondary bridge voltages are not

modulated, there is no zero voltage level in the output phase voltages and hence

no circulating current and reactive power loss in the secondary bridge. Moreover,

as discussed earlier, the switches in the lagging leg of each phase in the primary

bridge are hard switched. Recall that this configuration can achieve full-range

ZVS operation for all switches when modulated with β = α [150]. However, do-

ing so will result in a substantial increase in line currents and conduction loss.

Therefore, full-range ZVS operation of 3p-DAB-RI converter is not considered
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Figure 4.13: Experimental waveforms for 3p-DAB-RI converter considering Vin
= 300 V, Vo = 150 V and G = 1: (a)−(b) at rated power ; (c)−(d) at 80%-rated
power.

here. Figs. 4.14a-b depicts the experimental waveforms of 3p-DAB-SR converter

while Figs. 4.14c-d shows the experimental waveforms of 3p-DAB-RI converter

for G=0.5 and 30% rated power. It can be seen from Fig. 4.14b that for 3p-DAB-

SR converter at lower power levels and G=0.5, the output line current i2A(t) lags

the output phase voltage v2A(t) leading to hard switching in the secondary-side

switches.

The power conversion efficiencies for 3p-DAB-RI converter and 3p-DAB-SR

converter are plotted in Figs. 4.15a-f for G = 0.25, 0.5, 0.75, 1.0, 1.25, and 1.5,

respectively. It is evident from Figs. 4.15a-f that the measured power conversion
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Figure 4.14: Experimental waveforms for 3p-DAB-SR converter considering
Gmin = 0.5: (a)−(b) at 30%-rated power; (c)−(d) Experimental waveforms for
3p-DAB-RI converter Gmin = 0.5:(c)−(d) at 30%-rated power

efficiency curves are consistent with those predicted by applying the power loss

model, thus verifying the accuracy of the power loss model. The minor mis-

matches between the measured and calculated efficiencies are attributed to some

unmodeled losses such as PCB trace resistances, capacitor equivalent series re-

sistance (ESR), connecting wires resistance etc.. From the efficiency curves, it

can be seen that 3p-DAB-RI converter exhibits a higher power conversion effi-

ciency as compared to 3p-DAB-SR converter at all power levels for G < 0.5 (cf.

Fig. 4.15a-b) and at higher power levels only forG> 0.5 (cf. Fig. 4.15c-f), whereas

3p-DAB-SR converter always performs better in terms of power conversion effi-

ciency at low to medium power levels as compared to 3p-DAB-RI converter for

G > 0.5 (cf. Fig. 4.15c-f). The combination of both operation modes, therefore,

leads to a wide range high-efficiency performance under wide range variations in

output voltage and power levels.

98



4. A Three-Phase Dual-Active-Bridge DC-DC Converter with Reconfigurable Resonant Network for
Efficient Wide Voltage Range Operation

4.5.6 Performance Analysis for Higher Switching Frequen-

cies

3p-DAB-RI converter can offer full range ZVS operation irrespective of wide

range variations in the output voltage and power levels but at the expense of

increased circulating current leading to more severe conduction loss. Unless the

operating frequency is sufficiently high, the benefits gained from the soft-switching

operation of 3p-DAB-RI converter are neutralized by the increase in conduction

loss associated with higher line currents under full ZVS operation mode. To

allow a more detailed comparison between the three operation modes (i.e. 3p-

DAB-SR converter, 3p-DAB-RI converter-UPF, and 3p-DAB-RI converter-ZVS)

at increased switching frequencies, loss modeling is done for ZVS operation mode

of 3p-DAB-RI converter. The switching frequencies selected for the analysis are

50 kHz and 150 kHz, and for each switching frequency two voltage conversion

ratios i.e. G = 0.5 and 1.0 are considered. The results obtained for 50 kHz

are shown below in Fig. 4.16. It can be seen from Fig. 4.16a-b that the ZVS

operation mode has relatively higher line current leading to higher conduction

loss as shown in Fig. 4.16c-d. Moreover, it can also be seen from Fig. 4.16c-d

that the conduction loss associated with ZVS operation is the most dominant

power loss among the three operation modes at 50 kHz. The total power loss for

the three operation modes at 50 kHz is shown in Fig. 4.16e-f where it can be seen

that ZVS operation mode incurs a higher total power loss as compared to the

other operation modes over a wide range of output power. Similar analysis for

150 kHz operation is shown in Fig. 4.17. As the line currents remain unchanged

at higher switching frequencies, the line currents for 150 kHz operation are not

plotted in Fig. 4.17. For operation at 150 kHz, switching loss dominates for most

of the output power range for both cases of G = 0.5 and 1.0 and ZVS operation

leads to a lower total power loss as compared to UPF operation (cf. Fig. 4.17d).
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It can, therefore, be safely concluded that conduction loss is the dominant loss

mechanism for operation at moderate switching frequencies and UPF operation

gives rise to a lower total power loss as compared to ZVS operation. However, for

operation at higher switching frequencies, switching loss becomes dominant over

conduction loss and ZVS operation gives rise to a lower total power loss than UPF

operation. Depending on the particular operating frequency and power/current

rating selected, the operation mode of the proposed converter can be flexibly

reconfigured to minimize the total power loss for achieving wide range high-

efficiency performance.

4.6 Conclusion

In this chapter, a 3p-DAB reconfigurable and resonant (3p-DAB-RR) con-

verter has been proposed. The proposed converter utilizes a three-phase recon-

figurable resonant network (3p-RRN) that operates as either a 3p-DAB-RI con-

verter or a 3p-DAB-SR converter under different output voltage and output power

levels. The ability to transform between two resonant networks offers greater free-

dom in the shaping of the efficiency performance of 3p-DAB converter. For the

selected specifications, it has been found that 3p-DAB-RI converter outperforms

3p-DAB-SR converter in terms of efficiency at higher power levels, whereas 3p-

DAB-SR converter performs better at lower power levels. It is also found that

the dominant loss mechanism in 3p-DAB converter is the conduction loss aris-

ing from circulating current (for 3p-DAB-RI converter) or reactive power flow

(for 3p-DAB-SR converter). The idea of reconfigurable 3p-DAB converter as a

means to achieve wide range high-efficiency performance is both theoretically and

experimentally verified.
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Figure 4.16: (a) Line current comparison between the three modes of operation
for G = 0.5, fs = 50 kHz; (b) for G = 1.0, fs = 50 kHz; (c) Power loss distribution
(conduction loss and switching loss) between the three modes of operation for G
= 0.5, fs = 50 kHz; (d) for G = 1.0, fs = 50 kHz (e) for G = 0.5, fs = 50
kHz; (f) for G = 1.0, fs = 50 kHz.
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Figure 4.17: (a) Power loss distribution (conduction loss and switching loss)
between the three modes of operation for G = 0.5, fs = 150 kHz; (b) for G =
1.0, fs = 150 kHz (c) for G = 0.5, fs = 150 kHz; (d) for G = 1.0, fs = 150 kHz.
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Chapter 5

A Multi-Structure, Multi-Mode

Three-Phase Dual-Active-Bridge

DC-DC Converter Targeting

Wide-Range High-Efficiency

Performance

5.1 Introduction

Through the course of this thesis, it has been well established that it is ex-

tremely challenging if not impossible to achieve full-range ZVS operation, wide-

range zero circulating current and complete elimination of reactive power simul-

taneously with any single modulation scheme or a variant-topology of the 3p-

DAB converter. For this purpose, a flexibly reconfigurable topology of 3p-DAB

converter is proposed in this chapter that utilizes a reconfigurable and tunable

resonant network to offer multiple degrees-of-freedom (DoF) in minimizing con-
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duction and switching losses over a wide range of operating conditions. The

converter is designed such that for 40 % to 100 % of the rated output power,

it operates as a tunable 3p-DAB-RI converter with output power controlled by

varying switching frequency and tuning the resonant frequency of a resonant im-

mittance network to track the switching frequency. Below 40 % of the rated

output power, the converter transforms to a tunable 3p-DAB-SR converter with

output power controlled by varying the impedance of a series resonant network

while keeping the switching frequency and external (inter-bridge) phase-shift con-

stant. The combination of both operation modes jointly lead to wide-range zero

circulating current and soft-switching of all the switches, and hence wide-range

high-efficiency performance.

5.2 Proposed Three-Phase Reconfigurable and

Tunable Resonant Network

The proposed three-phase reconfigurable and tunable resonant network (3p-

RTRN) is a delta-connected network consisting of two types of impedances labeled

as XA and XB as shown in Fig. 5.1. XA consists of switch SNx , inductor L1

and, capacitor C1, whereas XB consists of inductor L2, capacitor C2 and switches

STxA, STxB (where x = 1, 2, and 3 is the phase designation). XA is constrained

to operate below the series resonance frequency ωa of L1 and C1, i.e. ωa > ωs, to

constitute an overall capacitive impedance. On the contrary, XB is constrained

to operate above the series resonance frequency ωb of L2 and C2, i.e. ωb < ωs, to

constitute an overall inductive impedance. The switches SNx in XA are used to

connect or isolate the capacitive impedance XA from the network, thus enabling

the transformation of the network into different configurations. It should be

noted that XA can be fully isolated using only a two-quadrant switch as the body
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Figure 5.1: Proposed reconfigurable and tunable resonant network.

diode of SNx is kept in a reverse biased stated by the voltage across C1 when SNx

are turned off. Moreover, the concept of tunable resonant network is similar to

thyristor controlled reactor which have been applied in power system network,

particularly in static var compensator (SVC), for very long time [153–160].

The switches STxA and STxB in XB are used to electronically control the

capacitance of C2, thus enabling the control of the series impedance and tuning

of the resonance frequency ωb of L2 and C2. Regarding the labeling of the network

terminals shown in Fig. 5.1, the following conventions are adopted: terminals 1,

2, and 3 represent the input ports of the network, whereas terminals 4, 5, and

6 represent the output ports of the network. Furthermore, subscripts 1j (where

j = A, B, and C) are used to denote the parameters (e.g., line currents) at the

input ports of the network, whereas the subscripts 2j (where j = A, B, and C)

are used to denote the parameters (e.g., line currents) at the output ports of the

network.
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Figure 5.2: (a) Three-phase tunable resonant immittance network ; (b) Three-
phase tunable series resonant network; and (c) Three-phase series inductors.

Depending upon the state of switches SNx , STxA and STxB, 3p-RTRN can

transform between three different network configurations. The configuration of

Fig. 5.2(a) is obtained when SNx are turned on. This action connects the capac-

itive impedance XA to the network and thus transforms the network to a three-

phase tunable resonant immittance network (3p-TRIN). To simpify the drawing,

SNx are not shown in Fig. 5.2(a) whereas STxA, STxB and C2 are represented by
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a tunable capacitor C2t. The configuration of Fig. 5.2(b) is obtained when SNx

are turned off. This action isolates XA from the network and thus transforms

the network to a three-phase tunable series resonant network (3p-TSRN). The

third configuration shown in Fig. 5.2(c) is obtained by turning SNx off and turn-

ing STxA , STxB on. This action isolates XA from the network and bypasses C2

in XB. In doing so, the network transforms to a conventional three-phase series

inductor network.

The reconfigurability of the proposed network highlights the flexibility that it

offers to the power control of 3p-DAB converter. Since 3p-TRIN and 3p-TSRN

offer the desirable characteristics of dc-bias blocking capability, lower RMS phase

current, full-range ZVS, and unity-power-factor operation, the scope of present

work is confined to the tunable resonant networks. The subsequent sections

will discuss in detail the application of 3p-TRIN and 3p-TSRN in the 3p-DAB

converter for improving its efficiency performance.

5.3 Proposed 3p-DAB Reconfigurable and Tun-

able Resonant (3p-DAB-RTR) Converter

The schematic diagram of the proposed 3p-DAB-RTR converter is shown in

Fig. 5.3. The proposed converter comprises of two three-phase half-bridges in-

terfaced by three Y-Y connected high-frequency isolation transformers and the

3p-RTRN. The complimentary switch pairs Sj1/Sj2 and Qj1/Qj2 (where j = A,

B, and C) in the primary and secondary bridge are operated with a fixed duty-

cycle of 0.5 and a variable switching frequency fs, min ≤ fs ≤ fs, max. Moreover,

the complimentary switch pairs in the adjacent phase legs of primary and sec-

ondary bridge are phase-shifted by 120o. (e.g., SA1/SA2 and SB1/SB2 have a

phase-shift of 120o). In addition, there exists an external phase-shift β between
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Figure 5.3: Proposed 3p-DAB-RTR converte.

the complimentary switch pairs of the corresponding phase legs in the primary

and secondary bridge (e.g., SA1/SA2 and QA1/QA2 are phase-shifted by β). In

this way, the primary bridge generates three two-level (+Vin/2, −Vin/2) high-

frequency square-wave ac voltages v′1j (t) (where j = A, B, and C) having a fixed

120o phase-shift between the adjacent phase voltages. Similarly, a second set of

three-phase two-level (+Vo/2, −Vo/2) square-wave ac voltages v2j (t) (where j =

A, B, and C) are generated by the secondary bridge. Moreover, v′1j (t) and v2j (t)

are phase-shifted by β with β defined as positive when v′1j (t) leads v2j (t).

For ease of analysis, the primary side voltages v′1j (t) and currents i′1j (t) are

reflected to the secondary side (i.e., v1j (t) and i1j (t)) to obtain an equivalent

circuit without transformers. The three-phase square wave ac voltages v1j (t) and

v2j (t) are subsequently represented by their Fourier series expansions as given by

(5.1) and (5.2).

v1j (t) =
2Vin
nπ

∞∑
k=1,3,...

1

k
sin

(
kωst+ f(j)

2π

3

)
(5.1)

v2j (t) =
2Vo
π

∞∑
k=1,3,...

1

k
sin

(
kωst− kβ + f(j)

2π

3

)
(5.2)

where f(j) = (0,+1,−1) when j = (A, B, C), ωs=2 πfs and n = Np

Ns
is the
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transformer’s turns ratio.

It is assumed that higher-order voltage and current harmonics are attenuated

by the resonant network. By applying fundamental component analysis (FCA),

the fundamental components of v1j (t) and v2j (t) can be represented in phasor

form as V1j and V2j respectively. Hence, V1j and V2j can be written as (5.3)

and (5.4).

V1j = V1j (0 + f(j)
2π

3
)

=

√
2Vin
nπ

(0 + f(j)
2π

3
) (5.3)

V2j = V2j −(β + f(j)
2π

3
)

=

√
2Vo
π

−(β + f(j)
2π

3
) (5.4)

Depending upon the state of switches SNx in the 3p-RTRN, the proposed con-

verter can transform between a tunable 3p-DAB-RI converter and a tunable 3p-

DAB-SR converter. The detailed discussions on the modeling, control and design

considerations for each of the two network configurations are presented in the

following sections.

5.4 Modeling and Analysis of Tunable 3p-DAB-

RI Converter

5.4.1 Power Flow Analysis

Considering the case when the switches SNx in branch XA are turned on, the

impedances XA enter into the resonant network and the converter transforms to

a tunable 3p-DAB-RI converter that can be represented by the equivalent circuit
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as shown in Fig. 5.4. The magnitude of the impedances XA and XB are given

by (5.5) whereas the angular series-resonance frequencies ωa and ωb of XA and

XB are given by (5.6).

|XA| = XA =
∣∣∣ωsL1 −

1

ωsC1

∣∣∣
|XB| = XB =

∣∣∣ωsL2 −
1

ωsC2t

∣∣∣ (5.5)

ωa =
1√
L1C1

ωb =
1√
L2C2t

(5.6)

Recall that XA is constrained to operate below ωa (i.e., ωa > ωs) to constitute an

overall capacitive impedance to the network. On the contrary, XB is constrained

to operate above ωb (i.e., ωb < ωs) to constitute an overall inductive impedance

to the network. There exists a specific frequency at which the impedances XA

and XB are equal in magnitude and opposite in phase such that they resonate

Figure 5.4: Equivalent circuit of the proposed converter with 3p-TRIN.
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with each other. The resonance frequency at which XA = - XB can be found by

solving |XA| = |XB| and the resulting expression is given by (5.7).

ωr =

√
(C1 + C2t)

C1C2t(L1 + L2)
(5.7)

When operated at ωr (i.e., ωr = ωs ), the resonant network exhibits the immit-

tance characteristics, and the line currents I1j at the input ports become linearly

dependent on the phase voltages V2j at the output ports. Similarly, the line

currents I2j at the output ports become linearly dependent on the phase voltages

V1j at the input ports. In other words, source transformation occurs at ωr =

ωs and the voltage sources V1j at the input ports are transformed into current

sources I2j at the output ports. Under immittance conditions |XA| = |XB| =

X, the expressions for the line currents I1j , I2j at input and output ports can

be found by applying nodal analysis at different nodes of the resonant network

and the results are given by (5.8) and (5.9). The detailed derivation of these

expressions can be found in [138].

I1j = I1j −(β + f(j)
2π

3
) =

√
6Vo
πX

−(β + f(j)
2π

3
) (5.8)

I2j = I2j (0 + f(j)
2π

3
)

=

√
6Vin
nπX

(0 + f(j)
2π

3
) (5.9)

where X =
∣∣∣ωrL1 −

1

ωrC1

∣∣∣ = ∣∣∣ωrL2 −
1

ωrC2t

∣∣∣.

By inspecting (5.3), (5.4), (5.8) and (5.9), it can be seen that there exists a
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phase difference equal to the external phase-shift β between V1j , I1j and between

V2j , I2j . By setting β = 0, in-phase relationship (i.e., unity power factor opera-

tion) can be achieved between V1j , I1j and between V2j , I2j at all ports of the

immittance network as depicted in the phasor diagrams of Fig. 5.5.

Considering the converter being lossless, the expression for the converter’s

output power Po can be derived by finding the output power expression for a

single phase (e.g., phase A) and multiplying the resulting expression by three, as

given by equation (5.10).

Figure 5.5: (a) Phasor relationship between V1j , I1j and between V2j , I2j for
β = 0; (b) Phasor relationship between V1j , I1j and between V2j , I2j for β ̸= 0.

Figure 5.6: Three-phase full-bridge structure.
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Po = 3×ℜ[V1AI
∗
1A] = 3×ℜ[V2AI

∗
2A]

=
3
√
12VinVo
nπ2X

cos(β) (5.10)

Inspection of (5.10) reveals that one of the control variables available for modulat-

ing output power of 3p-DAB-RI converter is the external phase-shift β. However,

since β is constrained to be zero for achieving unity power factor operation, it is

necessary to utilize other control variables for controlling the output power. The

previous chapters have proposed an application of three-phase full-bridge in 3p-

DAB-RI converter with which the internal phase-shift α between the two legs of

the same full-bridge is used as a control variable for modulating output power (cf.

Fig. 5.6) [150]. By utilizing an internal phase shift between Sj1/Sj2 and Sj3/Sj4

in the range 0≤α≤180o, three-phase three-level (+Vin, 0, −Vin) pulse-width mod-

ulated symmetrical ac voltages V1j with variable duty ratio can be generated by

this bridge structure. In this way, the converter’s output power can be controlled

by modulating the pulse-width of the input port voltages V1j as a function of

the internal phase shift α while maintaining a unity power factor at all ports of

the immittance network. Under this control scheme, V1j , I1j , and similarly for

V2j , I2j , are constantly in-phase with each other (cf. Fig. 5.7(a)) which leads to

minimum RMS port currents and conduction loss. However, the major drawback

of this control method is that the complimentary switches Sj3 and Sj4 in the

lagging leg of each phase are hard switched (cf. Fig. 5.7(a)) leading to increased

switching loss.

To mitigate switching loss and achieve ZVS commutation for all switches, a

2-DoF control scheme has been proposed previously that utilizes both α and β

simultaneously (i.e., α = β) for controlling output power. By introducing β be-

tween V1j and V2j , V1j leads I1j at the input ports by β and V2j lags I2j at the

115



5. A Multi-Structure, Multi-Mode Three-Phase Dual-Active-Bridge DC-DC Converter Targeting
Wide-Range High-Efficiency Performance

Figure 5.7: (a) Port currents and port voltages for unity power factor
operation; (b) Port currents and port voltages for full-range ZVS operation;
and (c) Port currents and port voltages for proposed DFM modulation.

output ports by β leading to ZVS turn-on of all the switches (cf. Fig. 5.5(b) and

Fig. 5.7(b)). However, the major drawback of this control method is that the

high circulating current prevail under light-load conditions (cf. highlighted by

the shaded areas in Fig. 5.7(b)) which lead to increased conduction loss. There-

fore, it can be safely inferred that the existing approaches cannot concurrently

minimize conduction loss and switching loss in 3p-DAB-RI converter. Therefore,

it is necessary to devise a new approach that can overcome this restriction to

achieve wide-range high-efficiency performance.

5.4.2 Proposed Modulation Scheme for Tunable 3p-DAB-

RI Converter

By inspection of (5.10), it can be observed that the switching frequency ωs

can be used to control the output power of 3p-DAB-RI converter. However, since

ωr must be tuned to match with ωs to meet the immittance conditions ( i.e.,

|XA| = |XB| = X), it is necessary to modulate ωr as well in synchronism with
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ωs. For modulating ωr, switch-controlled capacitors (SCC) are used to realize

electronically tunable capacitors C2t in the immittance network with tunable ωr.

Thus, by modulating ωs and ωr concurrently (i.e., dynamic frequency mathcing

(DFM)), X can be varied and the 3p-DAB-RI converter’s output power can be

controlled according to (5.10). The port voltages V1j , V2j and port currents I1j ,

I2j under the proposed DFM modulation are shown in Fig. 5.7(c)). It can be

seen from Fig. 5.7(c) that the proposed modulation method enables a control of

output power while achieving unity power factor operation and zero circulating

current. Moreover, as the zero crossings of i1x and i2x are always aligned with

the rising edges of v1x and v2x , all switches inherently undergo ZVS commuta-

tion. Due to the elimination of circulating current, unity power factor operation

and ZVS commutation of all switches, the proposed DFM modulation scheme is

anticipated to yield a wide-range high efficiency performance as will be validated

by experimental results in section VI.

To derive the expression for output power under DFM modulation scheme

and define the controllable range of Po, X and ωs, it is necessary to describe the

operating principle of SCC. Recall that the switches STxA, STxB, and capacitor

C2 in branch XB constitute the SCC which acts as an electronically controllable

capacitor C2t as shown in Fig. 5.8(a). The operating principle of SCC can be

explained by referring to the timing diagram for SCC as shown in Fig. 5.8(b)

where iC2t is the sinusoidal current flowing through C2t, vC2t is the voltage across

C2, ψ is the control angle of STxA, STxB, and T is the period of iC2t . The gating

signals for STxA are applied for a duration of ψT
2π

at the negative to positive zero

crossing instant of iC2t , while the gating signals with the same pulse-width are

applied to STxB at the positive to negative zero crossing instant of iC2t . At ωt =

π-ψ, the voltage vC2t across C2 is zero and iC2t flows from A to B through STxA

and the body diode of STxB. At ωt = ψ, STxA is turned off and iC2t flows from

A to B through C2, thus charging it for a duration of (π−ψ)T
2π

. At the positive to
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Figure 5.8: (a) Schematic diagram of switch-controlled capacitor (SCC); (b) Tim-
ing diagram of switch-controlled capacitor (SCC).

negative transition of iC2t (i.e., ωt = π), STxB is turned on, iC2t(t) starts flowing

in the opposite direction from B to A through C2, thus discharging it to zero.

During the next zero voltage state of vC2t, iC2t flows from B to A through STxB

and the body diode of STxA until STxB is turned off at ωt = (π + ψ) followed by

the charging of C2 by the negative flowing iC2t .

It can be inferred from Fig. 5.8(b) that the control angle ψ provides a means

to control the charging/discharging time (i.e., (π−ψ)T
2π

) of C2 and consequently

determines the magnitude of the fundamental component of vC2t for a given

iC2t [161]. By considering the fundamental component of vC2t , an expression for

the effective capacitance C2t can be derived as a function of control angle ψ as

given by (5.11). The derivation of this expression can be found in [162]. Moreover,
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it should also be noted that STxA and STxB turn on and off at zero voltage and

thus incur negligible commutation loss.

C2t(ψ) =
πC2

2π − 2ψ + sin 2ψ
(5.11)

5.4.3 Design Considerations for Tunable 3p-DAB-RI Con-

verter Under DFM Modulation

Based on (5.11), C2t can be varied theoretically in the range C2 ≤ C2t ≤ ∞

corresponding to 90o ≤ ψ ≤ 180o. A plot of C2t/C2 versus ψ is depicted in Fig. 5.9

where it can be seen that C2t increases non-linearly with increasing ψ and tends

to ∞ as ψ −→ 180o. To have a reasonable range of C2t with good controllability,

the values of C2t and ψ should be restricted, for example, C2 ≤ C2t ≤ κC2 and

90o ≤ ψ ≤ 160o respectively with κ = 56.75 (cf. Fig. 5.9). It should be noted

that the value of κ is dependent on the maximum value of ψ and can be obtained

from (5.11). Furthermore, by substituting (5.11) into (5.7), an expression for ωr

can be obtained as a function of control angle ψ as given by (5.12).

Figure 5.9: Effective SCC capacitance C2t versus control angle ψ.
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ωr(ψ) =

√
2πC1 + πC2 − 2C1ψ + C1 sin(2ψ)

πC1C2(L1 + L2)
(5.12)

By inspection of (5.12), it can be observed that ωr can be tuned to match with

ωs by means of varying ψ in the range of 160o ≥ ψ ≥ 90o to give ωr,min ≤ ωr ≤

ωr,max. An expression for ωr,min and ωr,max can be obtained by substituting the

extreme values of ψ (i.e., ψ = 160o and ψ = 90o respectively) into (5.12). The

resulting expressions for ωr,min and ωr,max are given by (5.4.3).

ωr,min =

√
(C1 + κC2)

C1κC2(L1 + L2)
; ωr,max =

√
(C1 + C2)

C1C2(L1 + L2)
= σωr,min

By setting β = 0o in (5.10), an expression for the output power as a function of

ψ can be obtained as given by (5.13).

Po(ψ) =
3
√
12VinVo

nπ2X(ψ)
(5.13)

where X(ψ) =
∣∣∣ωrL1 −

1

ωrC1

∣∣∣ = ∣∣∣ωrL2 −
1

ωrC2t

∣∣∣.
The expressions for Po,min and Po,max corresponding to ωr,min and ωr,max respec-

tively can be obtained by substituting (5.4.3) into (5.13). The results are given

by (5.14) and (5.15).

Po,min =
3
√
12VinVo

nπ2Xmax

(5.14)

where

Xmax =
∣∣∣ωr,minL1 −

1

ωr,minC1

∣∣∣ = ∣∣∣ωr,minL2 −
1

ωr,minκC2

∣∣∣.
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Po,max =
3
√
12VinVo

nπ2Xmin

= ϵPo,min (5.15)

where

Xmin =
∣∣∣ωr,maxL1 −

1

ωr,maxC1

∣∣∣ = ∣∣∣ωr,maxL2 −
1

ωr,maxC2

∣∣∣.
By inspection of (5.14) and (5.15), it can be observed that there is a certain range

of output power Po i.e., (medium to high-power range) that can be attained by

the proposed DFM modulation. Moreover, Po is directly proportional to ωr and

to reduce output power, ωr needs to be reduced by increasing ψ. Nevertheless,

below Po,min the output power cannot be reduced further by DFM modulation as

ψ reaches its maximum value. Therefore, below Po,min corresponding to ωr,min,

it is proposed to reconfigure the converter to a tunable 3p-DAB-SR converter

configuration for operation in low power range. The detailed analysis and the

proposed modulation scheme for the tunable 3p-DAB-SR converter is presented

in the next section. As the desired ranges of Po and ωr (cf. (5.12)−(5.15)) depend

on the selection of passive component values, the key design equations for L1, L2,

C1, and C2 as a function of the multiplier terms (ϵ, σ, and γ) can be obtained by

simultaneously solving (5.14) and (5.15). The results are given by (5.16) - (5.19).

L1 =
Xminσ(ϵ− σ)

ωr,max(σ2 − 1)
(5.16)

L2 =
Xminσ(κϵ− σ)

ωr,max(κ− σ2)
(5.17)

C1 =
σ2 − 1

Xminωr,max(σϵ− 1)
(5.18)

C2 =
κ− σ2

κXminωr,max(κσϵ− 1)
(5.19)
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By inspection of (5.16)−(5.19), it can be observed that while selecting the values

of the multiplier terms (i.e., ϵ, σ and κ) for a given Po,max and ωr,max, the con-

straints ϵ > σ, σ > 1, κϵ > 1/σ, and κ > σ2 must be adhered to. Furthermore,

by substituting (5.16)−(5.19) into (5.6), the new expressions for ωa and ωb can

be obtained in terms of ψ, σ and κ as given by (5.20).

ωa =

√√√√ω2
r,max(σϵ− 1)

σ(ϵ− σ)

ωb(ψ) =

√√√√κω2
r,max(σϵ− 1)

Aσ(ϵκ− σ)
(5.20)

where A =
π

2π − 2ψ + 2 sin(2ψ)
.

By dividing (5.20) with (5.12), the ratios
ωa

ωr(ψ)
and

ωb(ψ)

ωr(ψ)
can be obtained as

given by (5.21). These ratios are important design parameters as they determine

the voltage stress across the passive components in the immittance network and

the shape of the network’s current waveforms. Moreover, these ratios describe

how far the branch impedances XA and XB are operating from their series-

resonance frequencies ωa and ωb. A value closer to unity for these ratios implies

stronger resonance, higher voltage stress and more sinusoidal current waveforms,

and vice-versa.

ωa

ωr(ψ)
=

√√√√√ Aσ2ω2
r,max(σε− 1)(κ− 1)

σω2
r,max(σ − ε) (κ+Aσ2 − σ2κ− Aκ)

ωb(ψ)

ωr(ψ)
=

√√√√√ Aσ2κω2
r,max(σϵ− 1)(κ− 1)

Aσω2
r,max(σ − κϵ) (κ+Aσ2 − σ2κ− Aκ)

(5.21)
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By utilizing (5.16)−(5.21), the range of controllable output power, switching

frequency, and control angle for the DFM-modulated 3p-DAB-RI converter can

be selected appropriately to have adequate voltage stress across the SCC, good

sinusoidal current waveforms and a narrow switching frequency range.

5.5 Modeling and Analysis of Tunable 3p-DAB-

SR Converter

Recall that the proposed DFM modulation scheme should not be used for

modulating output power below Po,min. Although the DFM modulation scheme

completely eliminate circulating current and achieves full-range ZVS operation,

its implementation is constrained by the minimum allowable switching frequency.

Therefore, below Po,min which is associated with ωr,min, it is proposed to reconfig-

ure the converter to a tunable 3p-DAB-SR converter and use impedance modula-

tion method for modulating output power while keeping the switching frequency

constant. In addition, the external phase-shift β is kept constant as determined

by the input-to-output voltage ratios to achieve full-range ZVS operation and

maintain minimum-tank-current operation simultaneously for minimizing switch-

ing loss and conduction loss respectively [161]. As a result, the proposed mode

reconfiguration will enable high-efficiency performance for light-load operation as

well.

5.5.1 Power Flow Analysis

For reconfiguration to a tunable 3p-DAB-SR converter, the switches SNx in

branch XA are turned off (cf. Fig. 5.10). This action isolates the impedances

XA from the resonant network and only impedances XB are active. Referring to

Fig. 5.10, when SN1 (the same argument applies to SN2 and SN3) is turned off, the
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capacitor C1 in XA is charged to the maximum voltage (Vin
n
+Vo

2
) by the voltage

difference v1A−v2C (cf. Fig. 5.11). As a result, the voltage seen by SN1, i.e.

v1A−v2C−vcap16 will vary between 0 and −2(Vin
n
+Vo

2
) which will always keep the

body diode of SN1 in a reverse biased state. Therefore, XA can be fully isolated

by using only a two-quadrant switch. Furthermore, to operate the converter as a

tunable 3p-DAB-SR converter, phase transposition must be applied at the output

ports of the network i.e., V2j are to be phase-shifted by 120◦ so that the voltages

at the input and output ports of the network correspond with each other. The

effects of these two operations (i.e., SNx are turned off and phase transposition is

applied at the output ports), are to transform the converter to a tunable 3p-DAB-

SR converter as depicted by the equivalent circuit shown in Fig. 5.12. Considering

the case where power is transfered from V1j to V2j (i.e., V1j leads V2j ), the port

currents I1j can be obtained by applying Ohm’s law as given by (5.22). By using

(5.3) and (5.22), an expression for the output power of 3p-DAB-SR converter can

be obtained as given by (5.23). By dividing (5.23) with Vo, the expression for the

Figure 5.10: Voltage distribution across branch XA.
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Figure 5.11: Voltage waveforms across capacitor C1 and switch SN1 for 3p-DAB-
SR converter configuration.

Figure 5.12: Equivalent circuit of the proposed converter with 3p-TSRN.
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output current of 3p-DAB-SR converter can be obtained as given by (5.24).

I1j =
V1j −V2j

XB

= I1j −(ϕ+ f(j)
2π

3
)

I1j =

√
2 Vin

√
1− 2 G cos(β) +G 2

nπXB

ϕ = (tan−1(
1−G cos(β)

G sin(β)
) (5.22)

where G = nVo/Vin.

Po = 3×ℜ[V1AI
∗
1A]

=
6VinVo
nπ2XB

sin(β) (5.23)

Io =
6Vin
nπ2XB

sin(β) (5.24)

By inspection of (5.22), it can be observed that unlike 3p-DAB-RI converter, the

phase angle ϕ of I1j of 3p-DAB-SR converter is dependent on the voltage ratio

G. For ZVS operation of 3p-DAB-SR converter, the value of ϕ should always be

in the range 0 ≤ ψ ≤ β so that I1j lags V1j and leads V2j . This implies that the

instantaneous current should be negative at the turn-on instants of the primary-

side switches Sj1 ( and positive for Sj2) and positive at the turn-on instants of the

secondary-side switches Qj1 (and negative for Qj2) (cf. Fig. 5.3) so that the switch

parasitic capacitances are discharged and their body diodes conduct before the

gate signals are applied. Based on (5.22), when G is unity, the value of ϕ will be

β/2 and 3p-DAB-SR converter will achieve ZVS operation independent of output

power. However, deviation of G from unity causes ϕ to violate the constraint 0 ≤

ϕ ≤ β resulting in hard switching and increased circulating current. Therefore,

it is proposed to calculate β based on the value of G such that ϕ resides in the

range 0 ≤ ϕ ≤ β and modulate output power by varying XB (cf. 5.23).
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5.5.2 Criteria for ZVS and Minimum-Tank-Current Op-

eration

Recall that for ZVS operation of all switches, ϕ should reside between 0 and

β i.e., 0 ≤ ϕ ≤ β. Therefore, by evaluating ϕ ≥ 0 and ϕ ≤ β, the ZVS conditions

for the primary-side and secondary-side switches can be derived in terms of G

and β. The results are given by (5.25) and (5.26).

β ≥ cos−1 ( G ) for G < 1 (5.25)

β ≥ cos−1 (
1

G
) for G > 1 (5.26)

Thus, β can be selected as a function of G according to (5.25)−(5.26) to

ensure ZVS operation of the 3p-DAB-SR converter.

To determine the criteria for minimum-tank-current operation of 3p-DAB-

Figure 5.13: Port currents and voltages of a tunable 3p-DAB-SR converter using
impedance modulation scheme for (a) G < 1 ; (b) G = 1; (c) G > 1 (d) Phasor
relationship between V1j , V2j and I1j for G < 1; (e) Phasor relationship between
V1j , V2j and I1j for G = 1; and (f) Phasor relationship between V1j , V2j and
I1j for G > 1.
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SR converter, the port currents I1j given by (5.22) are divided with the output

current given by (5.24) to obtain a load independent and normalized expression

for port currents that is independent of XB. The resulting expression is given by

(5.27).

IN1j =
I1j
Io

=

√
2 π
√

1− 2 G cos(β) +G 2

6 sin(β)
(5.27)

By inspection of (5.27), it can be seen that the normalized port currents IN1j

are a function of G and β only. To achieve minimum-tank-current operation, the

minimum value of IN1j is found by taking its first derivative (with respect to β)

equal to zero [161]. The results are given by (5.28).

d

dβ
(IN1j ) = 0 ⇒ β =


cos−1(G) ∀ G < 1

cos−1 (
1

G
) ∀ G > 1

(5.28)

The conditions given by (5.28) (i.e., β = cos−1(G) for G < 1 and β = cos−1(1/G)

for G > 1) form the criteria for minimum-tank-current operation of 3p-DAB-SR

converter. To determine the phasor relationship between V1j , V2j and I1j under

the minimum-tank-current operation, the values of β as determined by (5.28)

are substituted in (5.22) to obtain ϕ for different values of G. The resulting

expression is given by (5.29).

ϕ =



β ∀ G < 1 & β = cos−1 (G)

β

2
∀ G = 1 & β = βmin

0 ∀ G > 1 & β = cos−1 (
1

G
)

(5.29)
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According to (5.29), under minimum-tank-current-operation, I1j should be in

phase with V2j for G < 1 (cf. Fig. 5.13 (a), (d)), and in phase with V1j for

G > 1 (cf. Fig. 5.13 (c), (f)). Thus, it can be concluded that by selecting β

corresponding to (5.28) for different values of G, full-range ZVS and minimum-

tank-current operation can be achieved for 3p-DAB-SR converter to minimize the

switching loss and conduction loss simultaneously.

5.5.3 Impedance Modulation and Design Considerations

for Tunable 3p-DAB-SR Converter

After determining β for a given G, the output power of 3p-DAB-SR converter

can be controlled by modulating impedance XB as a function of ψ. By substitut-

ing (5.28) into (5.23), an expression for the output power of 3p-DAB-SR converter

can be obtained as given by (5.27).

Po(ψ) =



=
6VinVo

nπ2XB(ψ)
sin(cos−1 (G)) ∀ G < 1

=
6VinVo

nπ2XB(ψ)
sin(βmin) ∀ G = 1

=
6VinVo

nπ2XB(ψ)
sin(cos−1 (

1

G
)) ∀ G > 1

(5.30)

Since the maximum output power for 3p-DAB-SR converter configuration is equal

to the minimum output power for 3p-DAB-RI converter configuration, the min-

imum series impedance XBSR(min)
can be obtained from (5.14) and (5.30). The

result is given by (5.31). By using (5.15) and (5.31), the switching frequency for

3p-DAB-SR converter can be obtained as given by (5.29).

XBSR(min)
=

6ϵVoVin sin(βmin)

nπ2Po,max

(5.31)
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ωs =

√
(C2XBSR(min)

)2 + 4L2C2 + C2XBSR(min)

2L2C2

(5.32)

Thus, for tunable 3p-DAB-SR converter configuration, the converter is operated

with a constant switching frequency as given by (5.32) and the output power is

modulated by varying impedance XB as a function of ψ.

5.6 Prototype Design and The Experimental Re-

sults

To validate the effectiveness of the proposed converter and benchmark its

performance, a laboratory prototype shown in Fig. 5.14 has been designed and

built with the specifications listed in Table I. A flowchart depicting the detailed

design procedure is shown in Fig. 5.15.

The prototype has been designed to operate as a tunable 3p-DAB-RI converter

Figure 5.14: Photo of constructed laboratory prototype
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Table 5.1: Design specifications for 3p-DAB-RTR converter prototype

Input voltage Vin 300 V
Nominal output voltage Vo 150 V

Output voltage range 75-225 V
Maximum output power Po,max 1500 W

Resonant inductor L1 73.9 µH
Resonant inductor L2 184.4 µH
Resonant capacitor C1 81.5 nF
Resonant capacitor C2 73.5 nF

Switching frequency fs (3p-DAB-RI converter) 35−50 kHz
Switching frequency fs (3p-DAB-SR converter) 46 kHz

Frequency gain σ 1.4
Control angle of SCC ψ 90o − 160o

Transformer’s Turns ratio n 2
Power Multiplier ϵ 2.5

Frequency Multiplier σ 1.4
Capacitance Multiplier κ 56.7

MOSFETs UJC06505K
Controller TMS320F28379D

Figure 5.15: Flowchart for design and operation of proposed converter.
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from 40 % to 100 % of the rated output power with variable switching frequency

such that the switching frequency varies from 35 kHz at 40 % to 50 kHz at

100% of the rated output power. The variation of fs and ψ versus Po is plotted

in Fig. 5.16a by using (5.13) . It can be seen from Fig. 5.16a that Po varies

from 40 % to 100 % of the rated output power as fs varies from 35 kHz to 50

kHz and ψ varies from 160o to 90 o. It is reminded that under the proposed

DFM modulation for 3p-DAB-RI converter, fs and ψ are varied synchronously to

maintain the immittance condition (i.e., ωr = ωs). Below 40 % of the rated output

power (i.e., Po ≤ Po,max/σ), the converter is reconfigured to a tunable 3p-DAB-SR

converter. The output power for the tunable 3p-DAB-SR converter is controlled

by impedance modulation method where the impedance of the series LC network

is modulated by varying ψ from 90o to 160 o. Regarding the selection of the

multiplier terms ϵ and σ, they are selected to limit the voltage stress across the

SCC and keep a narrow range of frequency variation. The voltage stress across

the SCC for the selected converter specifications is plotted using (5.33) and is

shown in Fig. 5.16b. The derivation of this expression can be found in [161].

VC2,peak =

√
2IC2

ωC2t

=

√
2(2π − 2ψ + sin 2ψ)IC2

ωπC2

(5.33)

To characterize the performance of the proposed converter, the constructed

prototype has been extensively tested under both configurations and its power

conversion efficiency has been measured over a wide range of G (i.e., 0.5≤G≤1.5).

Moreover, for better benchmarking its efficiency performance, the port currents

and efficiency of the proposed converter has been compared to conventional 3p-

DAB-RI converter operating in UPF and ZVS modes and 3p-DAB-SR converter

under SPS modulation.
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Figure 5.16: (a) Variation of fs and ψ versus Po for 3p-DAB-RI con-
verter; (b) Variation of V2t versus ψ for 3p-DAB-RI converter and 3p-DAB-SR
converter.

5.6.1 Experimental Results for Tunable 3p-DAB-RI Con-

verter under DFM Modulation

The prototype was operated as a tunable 3p-DAB-RI converter from 40 %

to 100 % of the rated output power with the proposed DFM modulation, un-

der which fs and ψ were modulated simultaneously to maintain the immittance

condition (i.e., ωr = ωs) through-out the entire power range. The corresponding

experimental results are shown in Fig. 5.17 for three different power levels i.e.,

100 %, 75 % and 50 % of the rated power. By inspection of the experimental

waveforms shown in Fig. 5.17, it can be observed that v1j , i1j at the input ports

(cf. Fig. 5.17 (a), (c) and (e)) and v2j , i2j at the output ports (cf. Fig. 5.17

(b), (d) and (f)) maintain an in-phase relationship for all the three output power

levels. Moreover, it can also be observed that as the immittance condition is

maintained under switching frequency variation, circulating current and reactive

power are completely eliminated. The in-phase relationship between the current

and voltage waveforms at all ports and the elimination of circulating currents

have led to significantly reduced RMS port currents i1j , i2j and conduction loss.

133



5. A Multi-Structure, Multi-Mode Three-Phase Dual-Active-Bridge DC-DC Converter Targeting
Wide-Range High-Efficiency Performance

Figure 5.17: Measured port voltages v′1j , v2j and currents i1j , i2j for 3p-DAB-RI
converter under DFM at (a)−(b) 100% of the rated output power with fs = 50
kHz, and ψ = 90o; (c)−(d) 75% of the rated output power with fs = 45 kHz,
and ψ = 104.7o; (e)−(f) 50% of the rated output power with fs = 40 kHz, and
ψ = 123.9o.

Furthermore, judging from the direction of i1j , i2j during the voltage transitions

of v1j , v2j , it can be observed that all the switches undergo ZVS commutation

leading to mitigation of switching loss. Overall, the elimination of circulating

current and achievement of ZVS operation in all switches have contributed to the

achievement of wide-range high-efficiency performance.
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5.6.2 Experimental Results for Tunable 3p-DAB-SR Con-

verter Under Impedance Modulation

Below 40% of the rated output power, the prototype was operated as a tun-

able 3p-DAB-SR converter with impedance modulation. Under this modulation

method, switching frequency fs and phase-shift β were kept constant and the out-

put power was controlled by modulating the impedance of the series LC resonant

network by means of varying the SCC control angle ψ. The corresponding ex-

perimental are shown in Fig. 5.18 corresponding for three different output power

Figure 5.18: Measured port voltages v′1j , v2j and currents i1j , i2j for 3p-DAB-SR
converter under impedance modulation at (a)−(b) 40% of the rated output power
with ψ = 90o; (c)−(d) 25% of the rated output power with ψ = 95.8o; (e)−(f)
10% of the rated output power with ψ = 105.7o.
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Figure 5.19: (a) Measured waveforms of v2Ct(A), v2Ct(B) and v2Ct(C) at ψ = 115.3o;
(b) ZVS operation of SA1, SA2; (c) ZVS operation of QA1, QA2.

levels i.e., 40 % of the rated power (cf. Fig. 5.18 (a)−(b)), 25 % of the rated

power (cf. Fig. 5.18 (c)−(d)) and 10 % of the rated power (cf. Fig. 5.18 (e)−(f)).

By inspection of Fig. 5.18, it can be observed that unlike SPS modulation where

circulating current increases with the increase of β, the proposed modulation

method constantly operates the converter at the minimum tank current for the

entire power range as β is kept constant at the optimal value as determined from

(5.28) and (5.29), and ψ is used to modulate output power. Moreover, it can

be observed from Fig. 5.18 that i1j lags v1j and leads v2j leading to the ZVS

operation of all switches. The waveforms depicting the ZVS operation of the

primary-side switches SA1, SA2 and secondary-side switches QA1, QA2 are shown

in Fig. 5.19(a)−(b) respectively, and the voltage waveforms of SCC are shown

in Fig. 5.19(c). Hence, it can be concluded under this operation mode, attenua-

tion of the circulating current in conjunction with ZVS operation of all switches

have contributed to the realization of high-efficiency performance at low-medium

output power levels.
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5.6.3 Closed-Loop Voltage-Mode Control Transient Per-

formance Under Mode Switching

To demonstrate the transient performance of the proposed converter under

fast load transitions and mode switching, the simulated closed-loop transient

response of the proposed converter with voltage-mode control under step load

changes of 1A→7.5A→1A are shown in Fig. 5.20. The converter is designed

to operate as a tunable 3p-DAB-SR converter for load current below 4 A and

a tunable 3p-DAB-RI converter for load current above 4A, the load current is

sensed continuously and mode transition occurs seamlessly as the load current

exceeds/fall below the threshold value of 4A. The block diagram representing the

closed-loop voltage-mode control strategy of the proposed converter is depicted

in Fig. 5.21. The feedback loop comprises of a mode selection block which selects

between two different proportional-integral (PI) controllers (designed for each

operation mode) on the basis of the load current, and a compensation block

which contains the two PI controllers that generate the appropriate control signals

for output voltage regulation under each operation mode. A hysteresis band is

designed in the mode selection block to reduce sensitivity at the threshold value

of 4 A. Based on the simplified small-signal model of the proposed converter as

shown in Fig. 5.22, the PI controllers are designed with a crossover frequency of

500 Hz and a phase margin of 70o. The expressions for the small-signal value of

the output current ĩo mode,avg for 3p-DAB-RI converter and 3p-DAB-SR converter

can be obtained by taking the partial derivative of (5.13) and (5.25) with respect

to fs and ψ, respectively. The resulting expressions are given by (5.34) and (5.35).

For tunable 3p-DAB-RI converter, as fs is varied, the corresponding value of ψ

required to maintain the immitance condition is taken from a look-up-table. The

Bode plots of the compensated loop gain for each operation mode are shown in

Fig. 5.23. It can be seen from Fig. 5.20 and Fig. 5.23 that with suitably designed
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Figure 5.20: Closed-loop transient response under step load changes of
1A→7.5A→1A accompanied by mode transitions between 3p-DAB-SR converter
and 3p-DAB-RI converter.

PI controllers, the converter’s output voltage is well regulated during fast load

transients and the converter is able to operate stably during mode transition.

ĩoRI,avg =
12
√
3C1Vin (4π

2C1L1f
2
s + 1)

nπ (4π2C1L1f 2
s − 1)2

f̃s (5.34)

ĩoSR,avg =
48C2Vinfs sin(θ) (cos(ψ)

2 − 1)

n (2π − 4π3C2L2f 2
s − 2ψ + sin(2ψ))2

ψ̃ (5.35)
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Figure 5.21: Block diagram of the closed-loop implementation of the proposed
converter.

Figure 5.22: Simplified small-signal model of the proposed converter.

Figure 5.23: Bode plots of the compensated loop gain for each operation mode.

139



5. A Multi-Structure, Multi-Mode Three-Phase Dual-Active-Bridge DC-DC Converter Targeting
Wide-Range High-Efficiency Performance

5.6.4 Performance Comparison with Conventional 3p-DAB-

RI Converter and 3p-DAB-SR Converter

To demonstrate the merits of the proposed topology and modulation schemes,

the performance of the proposed converter was evaluated and compared (in terms

of RMS port currents, ZVS range and power conversion efficiency) with the

conventional 3p-DAB-RI converter and 3p-DAB-SR converter with fixed reso-

nant networks. The conventional 3p-DAB-RI converter with a fixed immittance

network operating with unity power factor and full-range ZVS modes, and 3p-

DAB-SR converter operating with SPS modulation were included in the compar-

ison. For a more comprehensive comparison, wide-range variations in G (i.e.,

0.5 ≤G≤1.5) are considered. The simulated RMS port currents (i.e., IN,rms=

(I1j+I2j )/2) of the proposed converter, conventional 3p-DAB-RI converter and

3p-DAB-SR converter for the selected converter specifications are plotted in

Fig. 5.24(a)−(c) for G = 0.5, G = 1 and G = 1.5 respectively. By inspection

of Fig. 5.24(a)−(c), it can be observed that the proposed converter offers signifi-

cantly lower RMS port currents under wide-range variations in G as compared to

the other two topologies. The lower RMS port currents of the proposed converter

is attributed to the achievement of wide-range zero circulating current which fa-

Figure 5.24: Normalized simulated port currents IN,rms comparison between the
proposed converter and conventional 3p-DAB-RI converter and 3p-DAB-SR con-
verter for (a) G = 0.5; (b) G = 1; (c) G = 1.5.
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Figure 5.25: (a) ZVS range of 3p-DAB-RI converter (UPF mode); (b) ZVS range
of SPS controlled 3p-DAB-SR converter; (c) ZVS range of the proposed converter.

vorably leads to lower conduction loss. Moreover, as the proposed converter is

capable of achieving full-range ZVS operation for all switches irrespective of vari-

ations in G, the proposed converter incurs lower switching loss in comparison to

the other two topologies. The ZVS range comparison of the proposed converter

with the other two topologies is presented in Fig. 5.25. It can be seen from

Fig. 5.25 that unlike UPF operation of 3p-DAB-RI converter (cf. Fig. 5.25(a)

where switches Sj3, Sj4 are hard-switched) and SPS operation of 3p-DAB-SR

converter (cf. Fig. 5.25(b) where switches Qj1, Qj2 are hard-switched for G <

1 and switches Sj1, Sj2 are hard-switched for G > 1), the proposed converter

achieves ZVS operation for all the switches independent of output power level

and input-to-output voltage ratio (cf. Fig. 5.25(c)).

The measured power conversion efficiency of the proposed converter, conven-

tional 3p-DAB-RI converter and 3p-DAB-SR converter are plotted in Figs. 5.26(a)−(c)

forG= 0.5, G= 1 andG= 1.5 respectively. It can be observed from Figs. 5.26(a)−(c)

that due to reconfiguration flexibility, attenuation of circulating current and full-

range ZVS operation, the proposed converter offers a wide-range high-efficiency

performance as compared to the other two topologies. For the conventional 3p-

DAB-SR converter, it achieved a better efficiency performance at low-to-medium

output power levels for G = 1 but suffered from high circulating current and hard-
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Figure 5.26: Comparison of measured power conversion efficiency between the
proposed converter and conventional 3p-DAB-RI converter and 3p-DAB-SR con-
verter for (a) G = 0.5; (b) G = 1; (c) G = 1.5.

switching under G ̸= 1 leading to a deterioration of efficiency performance. For

the conventional 3p-DAB-RI converter operating with unity power factor, 33%

of the switches suffered from hard-switching and high circulating current prevails

under light-load condition. The worst efficiency performance resulted from the

conventional 3p-DAB-RI converter operating with full-range ZVS mode due to

excessive conduction loss caused by the high circulating current needed to realize

the ZVS operation. For the proposed converter, switching loss is negligible due

to full-range ZVS operation of all switches and the dominant loss mechanism is

conduction loss. The increase in conduction loss with increasing load leads to a

decrease in efficiency. However due to wide-range zero circulating current, unity

power factor operation and ZVS operation of all switches, the loss in efficiency

with increasing load is quite small and the proposed converter offers relatively

flat (i.e; weak dependence on load) efficiency curves as compared to the other two

topologies.

5.6.5 Power Loss Model

The power loss breakdown of the proposed converter for both operation modes

over wide output voltage and power range has been calculated by adopting and
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extending the power loss models proposed in [152], [91]. The developed power

loss model (cf. (5.36)) considers the following losses:

PL = PCond + PSCC + PCore + PSw (5.36)

Conduction Loss

The conduction loss PCond is calculated using (5.37) and is contributed by the

on-state resistance RON,p, RON,s of the MOSFETs in the primary and secondary

bridges respectively, AC resistances RL1, RL2 of the resonant inductors L1, L2

respectively, and AC resistance RT (secondary-reflected) of the HF transformers

windings.

Pcond = 6×

((
I1j,rms

n
√
2

)2

RON,p +

(
I2j,rms√

2

)2

RON,s

)

+3×
(
(IL1,rms)

2RL1 + (IL2,rms)
2RL2 + (I2j,rms)

2RT

) (5.37)

Power Loss in SCC

The power loss in SCC is calculated using (5.38) and is contributed by the

on-state resistance RON,SCC of the SCC MOSFETs and the forward voltage drop

Vf of the SCC body diodes [161].

PSCC = 3×
(
(ISCC,rms)

2RON,SCC + VfISCC,rms

)
(5.38)

Core Loss

The total core loss incurred in the resonant inductors L1, L2 and HF trans-

formers is calculated by applying the modified Steinmetz equation as given by

(5.39).

Pcore = 3×
(
KfeAclm

(
∆Bβ

T +∆Bβ
L1 +∆Bβ

L2

))
(5.39)
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where Kfe, Aclm, and β are the loss coefficient, volume, and loss exponent of the

magnetic core respectively, while ∆BT , ∆BL1, and ∆BL2 are the flux densities of

the HF transformer, resonant inductor L1, and resonant inductor L2, respectively.

Switching Loss

The total switching loss is given by (5.40) and is caused by the voltage and

current overlap during the switching transitions of MOSFETs.

PSw =

(
6×

∣∣∣∣i1j(0)n

∣∣∣∣V ′
1j (trip + trvp + tfip + trvp) fs

)
+(6× |i2j(θ)|V2j (tris + trvs + tfis + trvs) fs)

(5.40)

where
∣∣∣ i1j(0)n

∣∣∣, |i2j(θ)| are the instantaneous current values at the turn-on instants

of primary and secondary-bridge MOSFETs, trip, trvp, tfip, and trvp are the rise

and fall time of the current and voltage of the primary-bridge MOSFETs while

tris, trvs, tfis, and trvs are the same for secondary-bridge MOSFETs.

By using (5.36)-(5.40), the power loss breakdown of the proposed converter

is calculated and shown in Figs. 5.27(a)−(c) for G = 0.5, G = 1 and G = 1.5

respectively. Since ZVS operation is achieved for the entire operating range, the

switching loss PSw of the MOSFETs in the primary and secondary bridges is

Figure 5.27: Power loss breakdown for (a) G = 0.5; (b) G = 1; (c) G = 1.5.
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negligible and is not shown in Fig. 5.27. It can be seen from Fig. 5.27 that the

major source of power loss of the proposed converter is attributed to conduction

loss for the entire operating range.

5.7 Conclusion

A flexibly reconfigurable topology of three-phase DAB converter utilizing a

reconfigurable and tunable resonant network has been proposed in this chap-

ter. The proposed converter offers multiple degrees-of-freedom in terms of the

availability of multiple control parameters and topological variations to achieve

wide-range high efficiency performance. The proposed converter has been de-

signed to switch between two different network configurations that are controlled

with two different modulation schemes to optimize its efficiency performance in

both low and medium-to-high power operations. For medium-high output power

levels, the converter operates as a tunable 3p-DAB-RI converter with dynamic

frequency matching modulation. Under this mode of operation, the converter’s

output power is modulated by synchronously varying the resonance frequency

of the immittance network and the switching frequency by using an SCC. For

low-medium output power levels, the converter operates as a tunable 3p-DAB-

SR converter with impedance modulation. Under this mode of operation, the

converter’s output power is modulated by varying the impedance of a series LC

resonant network with the aid of SCC while keeping the switching frequency and

external phase-shift constant. The combination of both operation modes have

led to the realization of wide-range zero circulating current and full-range ZVS

operation of all switches for a wide-range of output power and input-to-output

voltage ratio. The presented theoretical analysis has been validated by the exper-

imental results obtained from a 1.5 kW laboratory prototype yielding wide-range

high-efficiency performance.
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Chapter 6

Conclusions and Suggestions for

Future Research Work

In this thesis, advanced resonant topologies and modulation schemes for im-

mittance based 3p-DAB converter have been proposed to achieve wide-range high-

efficiency performance. The proposed topologies and modulation schemes are

targeted to achieve wide-range zero-circulating current, full-range ZVS operation

and complete elimination of reactive power under wide-range variations in input-

to-output voltage ratio. This chapter summarizes the main contributions and

suggests future research directions.

6.1 Main Contributions of the Thesis

The main contributions of this thesis are summarized as follows:

1. prior works on the 3p-DAB converter for efficiency optimization are com-

prehensively reviewed. The limitations of the previous works are identified

and new solutions are proposed to overcome those shortcomings.

2. A 3p-DAB resonant immittance (3p-DAB-RI) converter has been proposed
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that helps to achieve unity-power-factor operation at all of its ac ports lead-

ing to reduced RMS port currents and reactive power elimination. More-

over, it also aids in achieving full-range ZVS operation to mitigate the

switching loss. The two degree-of-freedom modulation schemes have been

proposed for 3p-DABRIC that enable efficient power flow control for unity-

power factor and full-range ZVS operation.

3. A 3p-DAB reconfigurable resonant (3p-DAB-RR) converter has been pro-

posed that can transform between a 3p-DAB-RI converter and a 3p-DAB

series resonant (3p-DAB-SR) converter to enhance the light-load efficiency

under wide-range variations in input-to-output voltage ratios. Moreover,

the ability to reconfigure between different network configurations gives ad-

ditional degree-of-freedom in shaping the efficiency performance of 3p-DAB

converter.

4. A 3p-DAB reconfigurable and tunable resonant (3p-DAB-RTR) converter

has been proposed that can transform between a tunable 3p-DAB-RI-converter

and a tunable 3p-DAB-SR converter to achieve wide-range zero-circulating

current, full-range ZVS operation and complete elimination of reactive power.

Moreover, dynamic frequency matching (DFM) modulation for tunable

3p-DAB-RI converter and switched-impedance modulation for tunable 3p-

DAB-SR converter have been proposed that collectively allow to achieve

wide-range high-efficiency performance for 3p-DAB converter by minimiz-

ing the conduction loss and switching loss simultaneously.

To conclude the thesis, a comprehensive comparison of the proposed immit-

tance based 3p-DAB topologies is performed with the existing 3p-DAB topologies

to showcase the merits and advantages of the proposed solutions.
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6.2 Suggested Applications and Power Levels

for the Proposed Topologies

The proposed immittance based 3p-DAB converter topologies are a perfect

candidate for high-power applications requiring constant current operation such

as charging/ discharging of various energy storage systems such as high-power

battery packs, ultra-capacitors etc. Moreover, as the terminal voltage varies over

wide-range during charing/ discharging of battery packs, ultra-capacitors etc.,

the ability of proposed topologies to achieve ZVS operation and zero circulating

current allows them to maintain consistently high-efficiency operation through

out the charging/ discharging process irrespective of the variations in terminal

voltages. Considering the charging/ discharging profile of battery packs, they

require constant current operation initially followed by constant voltage opera-

tion. As the proposed topologies can be operated as a 3p-DAB-RI converter that

gives load-independent constant current operation and a 3p-DAB-SR converter

that offers load-independent constant voltage operation, this flexibility makes

them a favorable choice for high-power battery charging applications with min-

imal control. Due to the aforementioned benefits, the proposed topologies are

recommended for application in the isolated dc-dc stage of fast EV chargers that

require very high currents (i.e. > 175 A) and power (i.e. > 50 kW). Moreover, for

integration of energy storage systems in microgrids requiring very high currents

(i.e. > 250 A) and power (i.e. > 50 kW), the proposed topologies offer a very

promising solution.

6.3 Potential Future Research Directions

Some potential research directions that can be explored for future research

work are listed below:
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1. The application of 3p-RIN in multi-level three-phase DC-DC converters,

three-phase multi-port converters or inductive power transfer systems can

be explored.

2. For the 3p-DAB-RR converter, the capacitive branch under the 3p-DAB-SR

mode remains untilized. This branch can be further utilized to extend the

soft-switching range of 3p-DAB-SR converter.

3. The switch SNx in branch XA of 3p-DAB-RTR converter are used for mode

selection. However, by using four-quadrant switch in XA instead of two-

quadrant switch, the impedance of XA can be controlled as well in con-

juction with the impedance XB. This additional DOF can allow to control

output power with DFM modulation for the entire output power range with

zero-circulating current, full-range ZVS and elimination of reactive power.

.
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[43] A. Rodŕıguez, A. Vázquez, D. G. Lamar, M. M. Hernando, and J. Se-

bastián, “Different purpose design strategies and techniques to improve the

performance of a dual active bridge with phase-shift control,” IEEE Trans.

Power Electron., vol. 30, no. 2, pp. 790–804, 2015.

[44] H. Zhou and A. M. Khambadkone, “Hybrid modulation for dual-active-

bridge bidirectional converter with extended power range for ultracapacitor

application,” IEEE Trans. Ind. Appl., vol. 45, no. 4, pp. 1434–1442, 2009.

[45] H. Choi, J. Lee, Y. P. Cho, and J. H. Jung, “Design consideration of ef-

ficinecy improvement in three phase dual active bridge converter for LVDC

application,” INTELEC, Int. Telecommun. Energy Conf., vol. 2017-Octob,

pp. 549–555, 2017.

[46] D. Sha, D. Chen, S. Khan, and Z. Guo, “Voltage-Fed Three-Phase Semi-

Dual Active Bridge DC-DC Converter Utilizing Varying Operating Modes

with High Conversion Efficiency,” IEEE Trans. Power Electron., vol. 34,

no. 10, pp. 9447–9458, 2019.

[47] M. Yaqoob, K. H. Loo, and Y. M. Lai, “Extension of Soft-Switching

Region of Dual-Active-Bridge Converter by a Tunable Resonant Tank,”

IEEE Trans. Power Electron., vol. 32, no. 12, pp. 9093–9104, 2017.

[Online]. Available: http://ieeexplore.ieee.org/document/7820224/

[48] J. Kan, S. Xie, Y. Tang, and Y. Wu, “Voltage-fed dual active bridge bidirec-

tional DC/DC converter with an immittance network,” IEEE Trans. Power

Electron., vol. 29, no. 7, pp. 3582–3590, 2014.

159



Bibliography

[49] R. P. Twiname, D. J. Thrimawithana, U. K. Madawala, and C. A. Bagu-

ley, “A Dual-Active Bridge Topology with a Tuned CLC Network,” IEEE

Trans. Power Electron., vol. 30, no. 12, pp. 6543–6550, 2015.

[50] T. Jiang, J. Zhang, X. Wu, K. Sheng, and Y. Wang, “A bidirectional LLC

resonant converter with automatic forward and backward mode transition,”

IEEE Trans. Power Electron., vol. 30, no. 2, pp. 757–770, 2015.

[51] J. H. Jung, H. S. Kim, M. H. Ryu, and J. W. Baek, “Design methodology

of bidirectional CLLC resonant converter for high-frequency isolation of

DC distribution systems,” IEEE Trans. Power Electron., vol. 28, no. 4, pp.

1741–1755, 2013.

[52] M. S. Almardy and A. K. S. Bhat, “Three-phase (LC)(L)-type series-

resonant converter with capacitive output filter,” IEEE Trans. Power Elec-

tron., vol. 26, no. 4, pp. 1172–1183, 2011.

[53] A. K. Bhat and R. L. Zheng, “Analysis and design of a three-phase LCC-

type resonant converter,” IEEE Trans. Aerosp. Electron. Syst., vol. 34,

no. 2, pp. 508–519, 1998.

[54] F. Liu, Y. Chen, and X. Chen, “Comprehensive analysis of three-phase

three-level LC-type resonant DC/DC converter with variable frequency

control-series resonant converter,” IEEE Trans. Power Electron., vol. 32,

no. 7, pp. 5122–5131, 2017.

[55] N. Harischandrappa and A. K. Bhat, “A fixed frequency ZVS integrated

boost dual three-phase bridge dc-dc LCL-type series resonant converter,”

2015 IEEE Energy Convers. Congr. Expo. ECCE 2015, vol. 8993, no. c,

pp. 2056–2063, 2015.

160



Bibliography

[56] R. D. M. H. K. D. M. Divan, “Power conversion apparatus for DC/DC

conversion using dual active bridges.” US Pat. 5,027,264., 1991.

[57] M. H. Kheraluwala, R. W. Gascoigne, D. M. Divan, and E. D. Baumann,

“Performance Characterization of a High-Power Dual Active Bridge dc-to-

dc Converter,” IEEE Trans. Ind. Appl., vol. 28, no. 6, pp. 1294–1301, 1992.

[58] M. Neubert, S. P. Engel, J. Gottschlich, and R. W. De Doncker, “Dynamic

power control of three-phase multiport active bridge DC-DC converters for

interconnection of future DC-grids,” Proc. Int. Conf. Power Electron. Drive

Syst., vol. 2017-Decem, no. December, pp. 639–646, 2018.

[59] S. P. Engel, N. Soltau, H. Stagge, and R. W. De Doncker, “Improved in-

stantaneous current control for high-power three-phase dual-active bridge

DC-DC Converters,” IEEE Trans. Power Electron., vol. 29, no. 8, pp. 4067–

4077, 2014.

[60] A. K. Tripathi, K. Hatua, and S. Bhattacharya, “A comparative study

of three-phase dual active bridge topologies and their suitability for D-Q

mode control,” 2012 IEEE Energy Convers. Congr. Expo. ECCE 2012, pp.

1719–1724, 2012.

[61] A. K. Tripathi, K. Hatua, H. Mirzaee, and S. Bhattacharya, “A three-phase

three winding topology for dual active bridge and its D-Q mode control,”

Conf. Proc. - IEEE Appl. Power Electron. Conf. Expo. - APEC, pp. 1368–

1372, 2012.

[62] J. Hu, Z. Yang, and R. W. De Doncker, “A Comprehensive Dead-Time

Compensation Method for a Three-Phase Dual-Active Bridge Converter

with Hybrid Modulation Schemes,” 2018 Int. Power Electron. Conf. IPEC-

Niigata - ECCE Asia 2018, pp. 1073–1079, 2018.

161



Bibliography

[63] Z. Biao, Y. Qingguang, and S. Weixin, “Extended-Phase-Shift Control of

Isolated Bidirectional DCDC Converter for Power Distribution in Micro-

grid,” Power Electron. IEEE Trans., vol. 27, no. 11, pp. 4667–4680, 2012.

[64] H. van Hoek, “Design and Operation Considerations of Three-Phase Dual

Active Bridge Converters for Low-Power Applications with Wide Voltage

Ranges,” PhD thesis. RWTH Aachen Univ., 2016.

[65] J. Huang, Y. Wang, Z. Li, Y. Jiang, and W. Lei, “Simultaneous PWM

control to operate the three-phase dual active bridge converter under soft

switching in the whole load range,” Conf. Proc. - IEEE Appl. Power Elec-

tron. Conf. Expo. - APEC, vol. 2015-May, no. May, pp. 2885–2891, 2015.

[66] H. M. De Oliveira Filho, D. D. S. Oliveira, and P. P. Praça, “Steady-

state analysis of a ZVS bidirectional isolated three-phase DC-DC converter

using dual phase-shift control with variable duty cycle,” IEEE Trans. Power

Electron., vol. 31, no. 3, pp. 1863–1872, 2016.

[67] J. Hu, N. Soltau, and R. W. A. A. De Doncker, “Asymmetrical Duty-Cycle

Control of Three-Phase Dual-Active Bridge Converter for Soft-Switching

Range Extension,” Energy Convers. Congr. Expo., 2016.

[68] J. Huang, Y. Wang, Z. Li, Y. Jiang, and W. Lei, “Simultaneous PWM

control to operate the three-phase dual active bridge converter under soft

switching in the whole load range,” Conf. Proc. - IEEE Appl. Power Elec-

tron. Conf. Expo. - APEC, vol. 2015-May, no. May, pp. 2885–2891, 2015.

[69] J. Hu, Z. Yang, N. Soltau, and R. W. A. A. De Doncker, “A Duty-

Cycle Control Method to Ensure Soft-Switching Operation of a High-Power

Three-Phase Dual-Active Bridge Converter,” in 2017 IEEE 3rd Int. Futur.

Energy Electron. Conf. ECCE Asia (IFEEC 2017 - ECCE Asia), no. Dcc,

2017, pp. 1–6.

162



Bibliography

[70] H.-J. Choi, H.-P. Park, M.-A. Kim, C. Sang-Gyu, C.-U. Lee, and J.-H. Jung,

“Modulation Strategy of Three-Phase Dual-Active-Bridge Converter Using

SiC-MOSFET for Improving Light Load Condition,” 2019 IEEE Work.

Wide Bandgap Power Devices Appl. Asia (WiPDA Asia), pp. 1–5, 2019.

[71] J. Hiltunen and V. Vesa, “Variable-Frequency Phase Shift Modulation of

a Dual Active Bridge Converter,” IEEE Trans. Power Electron., vol. 30,

no. 12, pp. 7138–7148, 2015.

[72] J. Huang, Z. Li, L. Shi, Y. Wang, and J. Zhu, “Optimized Modulation

and Dynamic Control of a Three-Phase Dual Active Bridge Converter with

Variable Duty Cycles,” IEEE Trans. Power Electron., vol. 34, no. 3, pp.

2856–2873, 2019.

[73] R. L. Steigerwald, R. W. D. Doncker, and M. H. Kheraluwala, “A Compar-

ison of High-Power DC-DC,” IEEE Trans. Ind. Appl., vol. 32, no. 5, pp.

1139–1145, 1996.

[74] S. A. Gorji, H. G. Sahebi, M. Ektesabi, and A. B. Rad, “Topologies

and Control Schemes of Bidirectional DC-DC Power Converters: An

Overview,” IEEE Access, vol. PP, pp. 1–1, 2019. [Online]. Available:

https://ieeexplore.ieee.org/document/8811451/

[75] Z. Wang, S. Member, H. Li, and S. Member, “A Soft Switching Three-phase

Current-fed Bidirectional DC-DC Converter With High Efficiency Over a

Wide Input Voltage Range,” IEEE Trans. Power Electron., vol. 27, no. 2,

pp. 669–684, 2012.

[76] S. P. Engel, S. Member, N. Soltau, H. Stagge, and R. W. De

Doncker, “Dynamic and Balanced Control of Three-Phase in DC-Grid

Applications,” IEEE Trans. Power Electron., vol. 28, no. DECEMBER,

163



Bibliography

pp. 1–10, 2012. [Online]. Available: http://ieeexplore.ieee.org/abstract/

document/6246709/

[77] S.-j. Jeon and G.-h. Cho, “A Zero-Voltage and Zero-Current Switching Full

Bridge DCDC ConverterWith Transformer Isolation,” IEEE Trans. Power

Electron., vol. 16, no. 5, pp. 573–580, 2001.

[78] J. G. Cho, C. Y. Jeong, and F. C. Y. Lee, “Zero-voltage and zero-current-

switching full-bridge PWM converter using secondary active clamp,” IEEE

Trans. Power Electron., vol. 13, no. 4, pp. 601–607, 1998.

[79] E. Agostini and I. Barbi, “Three-phase three-level PWM DC-DC con-

verter,” IEEE Trans. Power Electron., vol. 26, no. 7, pp. 1847–1856, 2011.

[80] F. Liu, Y. Chen, G. Hu, and X. Ruan, “Modified three-phase three-

level DC/DC converter with zero-voltage- switching characteristic-adopting

asymmetrical duty cycle control,” IEEE Trans. Power Electron., vol. 29,

no. 12, pp. 6307–6318, 2014.

[81] D. V. Ghodke, K. Chatterjee, and B. G. Fernandes, “Modified soft-switched

three-phase three-level DC-DC converter for high-power applications having

extended duty cycle range,” IEEE Trans. Ind. Electron., vol. 59, no. 9, pp.

3362–3372, 2012.

[82] K. Modepalli, A. Mohammadpour, T. Li, S. Member, and A. Abstract,

“Three-Phase Current-Fed Isolated DC DC Converter With Zero-Current

Switching,” IEEE Trans. Ind. Appl., vol. 53, no. 1, pp. 242–250, 2017.

[83] R. L. Andersen and I. Barbi, “A ZVS-PWM three-phase current-fed push-

pull DC-DC converter,” IEEE Trans. Ind. Electron., vol. 60, no. 3, pp.

838–847, 2013.

164



Bibliography

[84] S. Bal, A. K. Rathore, and D. Srinivasan, “Naturally Commutated Current-

fed Three-Phase Bidirectional Soft-switching DC-DC Converter with 120

Modulation Technique,” IEEE Trans. Ind. Appl., vol. 52, no. 5, pp. 4354–

4364, 2016.

[85] R. L. Andersen and I. Barbi, “A Three-Phase Current-Fed Push Pull DC-

DC Converter,” IEEE Trans. Power Electron., vol. 24, no. 2, pp. 358–368,

2009.

[86] K. R. Sree and A. K. Rathore, “Impulse-Commutated Zero-Current-

Switching Current-Fed Three-Phase DC/DC Converter,” IEEE Trans. Ind.

Appl., vol. 52, no. 2, pp. 1855–1864, 2016.

[87] G. J. Su and L. Tang, “A three-phase bidirectional DC-DC converter for

automotive applications,” Conf. Rec. - IAS Annu. Meet. (IEEE Ind. Appl.

Soc., pp. 1–7, 2008.

[88] N. H. Baars, J. Everts, C. G. E. Wijnands, and E. A. Lomonova, “Perfor-

mance Evaluation of a Three-Phase Dual Active Bridge DC-DC Converter

with Different Transformer Winding Configurations,” IEEE Trans. Power

Electron., vol. 31, no. 10, pp. 6814–6823, 2016.

[89] J. Jacobs, A. Averberg, and R. D. Doncker, “A novel three-phase DC/DC

converter for high power applications,” Proc. IEEE Power Electron. Spec.

Conf., pp. 1861–1867, 2004.

[90] X. Li and A. K. S. Bhat, “Analysis and Design of High-Frequency Isolated

Dual-Bridge Series Resonant DC/DC Converter,” IEEE Trans. Power Elec-

tron., vol. 25, no. 4, pp. 850–862, 2010.

165



Bibliography

[91] M. Yaqoob, K. H. Loo, Y. P. Chan, and J. Jatskevich, “Optimal Modu-

lation for a Fifth-Order Dual-Active-Bridge Resonant Immittance DC-DC

Converter,” IEEE Trans. Power Electron., vol. 35, no. 1, pp. 1–1, 2019.

[92] K. Jin and C. Liu, “A Novel PWM High Voltage Conversion Ratio Bidirec-

tional Three-Phase DC/DC Converter With Y-∆ Connected Transformer,”

IEEE Trans. Power Electron., vol. 31, no. 1, pp. 81–88, 2016.

[93] S. Shao, H. Chen, X. Wu, J. Zhang, and K. Sheng, “Circulating Current

and ZVS-on of a Dual Active Bridge DC-DC Converter: A Review,” IEEE

Access, vol. 7, pp. 50 561–50 572, 2019.

[94] S. S. Shah and S. Bhattacharya, “A simple unified model for generic oper-

ation of dual active bridge converter,” IEEE Trans. Ind. Electron., vol. 66,

no. 5, pp. 3486–3495, 2019.

[95] F. Liu, Y. Chen, G. Hu, and X. Ruan, “Modified three-phase three-

level DC/DC converter with zero-voltage- switching characteristic-adopting

asymmetrical duty cycle control,” IEEE Trans. Power Electron., vol. 29,

no. 12, pp. 6307–6318, 2014.

[96] R. Teichmann and S. Bernet, “A comparison of three-level converters ver-

sus two-level converters for low-voltage drives, traction, and utility appli-

cations,” IEEE Trans. Ind. Appl., vol. 41, no. 3, pp. 855–865, 2005.

[97] Y. P. Chan, K. H. Loo, M. Yaqoob, and Y. M. Lai, “A Structurally Recon-

figurable Resonant Dual-Active-Bridge Converter and Modulation Method

to Achieve Full-Range Soft-Switching and Enhanced Light-Load Efficiency,”

IEEE Trans. Power Electron., vol. 8993, no. c, pp. 1–13, 2018.

[98] Z. Li, W. Lei, J. Huang, and Y. Wang, “Multifrequency approximation

and average modelling of an isolated bidirectional dcdc converter for dc

166



Bibliography

microgrids,” IET Power Electron., vol. 9, no. 6, pp. 1120–1131, 2016.

[Online]. Available: http://digital-library.theiet.org/content/journals/10.

1049/iet-pel.2015.0417

[99] M. Schweizer, T. Friedli, and J. W. Kolar, “Comparative evaluation of

advanced three-phase three-level inverter/converter topologies against two-

level systems,” IEEE Trans. Ind. Electron., vol. 60, no. 12, pp. 5515–5527,

2013.

[100] M. Schweizer and J. W. Kolar, “Design and implementation of a highly

efficient three-level T-type converter for low-voltage applications,” IEEE

Trans. Power Electron., vol. 28, no. 2, pp. 899–907, 2013.

[101] D. Bourner, “Bidirectional DC-DC Converter Systems: Sustaining Power

Component Design Methodology to Achieve Critical Power Conditioning,”

IEEE Power Electron. Mag., vol. 5, no. 2, pp. 66–71, 2018.

[102] H. Tao, J. L. Duarte, and M. A. Hendrix, “High-power three-port three-

phase bidirectional dc-dc converter,” Conf. Rec. - IAS Annu. Meet. (IEEE

Ind. Appl. Soc., pp. 2022–2029, 2007.

[103] S. Baek, S. Dutta, and S. Bhattacharya, “Characterization of a three-phase

dual active bridge DC/DC converter in wye-delta connection for a high

frequency and high power applications,” IEEE Energy Convers. Congr.

Expo. Energy Convers. Innov. a Clean Energy Futur. ECCE 2011, Proc.,

no. 2, pp. 4183–4188, 2011.

[104] H. Van Hoek, M. Neubert, A. Kroeber, and R. W. De Doncker, “Compari-

son of a single-phase and a three-phase dual active bridge with low-voltage,

high-current output,” 2012 Int. Conf. Renew. Energy Res. Appl. ICRERA

2012, pp. 1–6, 2012.

167



Bibliography

[105] S. Baek, S. Roy, S. Bhattacharya, and S. Kim, “Power flow analysis for 3-

port 3-phase dual active bridge dc/dc converter and design validation using

high frequency planar transformer,” 2013 IEEE Energy Convers. Congr.

Expo. ECCE 2013, pp. 388–395, 2013.

[106] J. Riedel, C. Teixeira, D. G. Holmes, and B. P. McGrath, “Identification of

ZVS soft switching boundaries for three-phase dual active bridge convert-

ers using harmonic analysis,” 2015 17th Eur. Conf. Power Electron. Appl.

EPE-ECCE Eur. 2015, pp. 1–10, 2015.

[107] A. Davoodi, N. Noroozi, and M. R. Zolghadri, “A Fault-Tolerant Strat-

egy for Three-Phase Dual Active Bridge Converter,” 2019 10th Int. Power

Electron. Drive Syst. Technol. Conf. PEDSTC 2019, pp. 253–258, 2019.

[108] T. Kauder, K. Hameyer, and T. Belgrand, “Design strategy and simulation

of medium-frequency transformers for a three-phase dual active bridge,”

Proc. IECON 2018 - 44th Annu. Conf. IEEE Ind. Electron. Soc., vol. 1,

pp. 1158–1163, 2018.

[109] Y. Cui, D. Wang, and A. Emadi, “Three-phase dual active bridge converter

design considerations,” Proc. IECON 2017 - 43rd Annu. Conf. IEEE Ind.

Electron. Soc., vol. 2017-Janua, pp. 4696–4701, 2017.

[110] Y. Lee, G. Vakil, A. J. Watson, and P. W. Wheeler, “An analytical modeling

and estimating losses of power semiconductors in a three-phase dual active

bridge converter for MVDC grids,” 2017 IEEE Power Energy Conf. Illinois,

PECI 2017, pp. 1–8, 2017.

[111] C. A. Teixeira, J. Riedel, D. G. Holmes, and B. P. McGrath, “Extended

soft switching operation of three-phase dual active bridge converters with

unbalanced transformer impedances,” 2016 IEEE 2nd Annu. South. Power

Electron. Conf. SPEC 2016, p. 197DUMMY, 2016.

168



Bibliography

[112] K. Florian Krismer, “Modeling and Optimization of Bidirectional Dual Ac-

tive Bridge DCDC Converter Topologies,” PhD thesis. Eidgenossische Tech.

Hochschule Zurich (ETH Zurich), 2010.

[113] G. Xu, D. Sha, Y. Xu, and X. Liao, “Hybrid-Bridge-Based DAB Converter

with Voltage Match Control for Wide Voltage Conversion Gain Applica-

tion,” IEEE Trans. Power Electron., vol. 33, no. 2, pp. 1378–1388, 2018.

[114] R. N. De Oliveira, L. C. Mazza, D. S. Oliveira, and H. M. Filho, “A three-

port three-phase isolated DC-DC converter feasible to PV connection on

a DC distribution system,” 14th Brazilian Power Electron. Conf. COBEP

2017, vol. 2018-Janua, no. 2, pp. 1–6, 2018.

[115] D. Chen, D. Sha, and T. Sun, “Three Phase Current Fed Semi Dual Active

Bridge DC-DC Converter with Hybrid Operating Mode Control,” IEEE

Trans. Power Electron., vol. PP, no. c, pp. 1–1, 2019.

[116] M. Neubert, H. Van Hoek, J. Gottschlich, and R. W. De Doncker, “Soft-

switching operation strategy for three-phase multiport-active bridge DC-

DC converters,” Proc. Int. Conf. Power Electron. Drive Syst., vol. 2017-

Decem, no. December, pp. 1206–1213, 2018.

[117] J. Hu, P. Joebges, G. C. Pasupuleti, N. R. Averous, and R. W. De Don-

cker, “A Maximum-Output-Power-Point-Tracking-Controlled Dual-Active

Bridge Converter for Photovoltaic Energy Integration into MVDC Grids,”

IEEE Trans. Energy Convers., vol. 34, no. 1, pp. 170–180, 2019.
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